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Overview

The Standing Committee on Defense Materials Manufacturing and Infrastruc-
ture (DMMI) convened a workshop on August 1 and 2, 2013, to discuss affordable, 
low-volume manufacturing. The DMMI standing committee is organized under 
the auspices of the National Materials and Manufacturing Board of the National 
Research Council (NRC) and with the sponsorship of Reliance 21, a Department 
of Defense (DOD) group of professionals that was established in the DOD science 
and technology (S&T) community to increase awareness of DOD S&T activities 
and increase coordination among DOD services, components, and agencies.

The workshop was conducted as a convening activity. In accordance with NRC 
procedures, all participants provided individual opinions at the meeting, and no 
consensus findings, conclusions, or recommendations were developed at the work-
shop or as an outcome of the workshop. This report is a record of the workshop 
event prepared by the workshop rapporteur, and any statement or view set down in 
the report must be considered an opinion expressed by a knowledgeable individual 
participant at the workshop, not a consensus view. 

To organize its workshop on low-volume manufacturing, the DMMI stand-
ing committee first organized a workshop planning group to identify workshop 
topics and agenda items, speakers, and invited guests. The workshop planning 
group consulted with Reliance 21 and members of the community to develop 
and organize the workshop. The workshop was held at the Keck Center of the 
National Academies in Washington, D.C. Approximately 40 participants, includ-
ing speakers, members of the DMMI standing committee and Reliance 21, invited 
guests, and members of the public, to which the workshop was open, took part 
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in the 2-day workshop. The workshop focused on three critical issues relevant to 
manufacturing:

1.	 Low-volume manufacturing; 
2.	 Use of commercial off-the-shelf (COTS) equipment; and
3.	 Commercial manufacturing services.

Potential issues in the area of low-volume manufacturing to be considered 
during the discussions at the workshop included these:

•	 Computer-integrated manufacturing, computer-aided process planning, 
and the integration thereof;

•	 Flexible manufacturing systems (i.e., systems that most efficiently can 
handle a changing, highly variable mix of products and low-volume pro-
duction); and

•	 Quality and evolving standards.

Potential issues in the area of COTS items considered during the discussions 
at the workshop included the following:

•	 The effect of commercial materials and processes (e.g., lead-free solder in 
electronics, fibers for composites) on long-term performance in defense 
applications;

•	 COTS certification for long-term use in military applications;
•	 Options for supporting long-lived defense systems given the rapid com-

mercial adoption of new generations of technology; and
•	 Counterfeiting and malware.

Potential issues in commercial manufacturing services considered during the 
discussions at the workshop included these:

•	 Materials and processes that are unique to defense manufacturing;
•	 Dual-use facilities;
•	 Reliability of commercial items for use in military environments (e.g., 

extreme temperature, high humidity, shock, vibration, and radiation 
environments);

•	 Agile manufacturing—quickly switching among products and economi-
cally produced items in small lots for DOD and in much larger quantities 
for commercial markets; and
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•	 Process qualification and product certification, including the incorpora-
tion of integrated computational materials engineering (ICME) capabili-
ties into these activities.

To assist the reader, a short set of recurring themes from the workshop presen-
tations and discussions are provided below. These recurring themes serve as a short 
description of the items that were addressed by multiple speakers or participants 
during the course of the workshop and identified for the report by the rapporteur, 
not by the workshop participants. The recurring themes are as follows:

•	 What constitutes low-volume manufacturing?
•	 Reducing the cost of low-volume production,
•	 Challenge of access to raw materials,
•	 Improving the methods of performing low-volume manufacturing,
•	 Appropriate incorporation of COTS technology and commercial 

manufacturing,
•	 Affordable process qualification and product certification, and
•	 Understanding the relationship between additive manufacturing and low-

volume production.

Following the brief description of recurring themes, the subsequent sections 
of this report summarize the workshop presentations and discussions sequentially. 
Appendix A contains the statement of task for the workshop. Appendix B contains 
a list of all workshop participants. Appendix C presents the workshop agenda. Ap-
pendix D lists the acronyms used in the report.
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Workshop Themes

HOW TO DEFINE LOW VOLUME

Two recurring question at the workshop were, How do we define low-volume 
production? and When would a manufacturer consider itself in the low-volume re-
gime? At various points in the workshop, participants noted that variable-demand 
manufacturing and high-mix manufacturing should be included in the definition 
of low-volume manufacturing.

The discussion on how to define low volume began in the presentation by 
Dr. Schafrik, who gave Dr. Carlson’s slide presentation. In their presentation, 
Dr. Schafrik showed an example of a fuel nozzle made at GE Aviation via additive 
manufacturing. The total production would support on the order of several thou-
sand engines per year for 20-30 years, with tens of fuel nozzles per engine—in other 
words, a total of between one and two million fuel nozzles. Dr. Schafrik considers 
this low volume, especially given that many machines are required to produce this 
number; more production is accomplished by adding more additive machines.1 
Some at the workshop concurred that this a low-volume part, while others did 
not. More broadly, participants then pointed out that low-volume manufacturing 
is characterized not by a production number, but rather by certain overarching, 
general characteristics. These characteristics were later discussed by two presenters, 
Dr. Gupta, STPI, and Mr. Schneider, Key Tech.

1Additive machines are used here in the context of 3D-printers that add material rather than ma-
chines such as lathes that remove material.
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In her presentation, Dr. Gupta explained that low-volume manufacturing is 
used for prototyping, for complex or customized products, and for high-mix, low-
volume production. It typically needs short product development and prototyping 
times, and it must be flexible (so that multiple product designs can use the same 
tooling and equipment) and agile (so that process flow can switch among different 
product designs). 

During his presentation, Mr. Schneider, Key Tech, was also asked for his defini-
tion of low-volume production. He responded that he considers a project to be low 
volume when nonrecurring engineering (NRE) costs become a large portion of the 
overall product cost. He said that another criterion for defining the low-volume 
manufacturing regime is when a standard manufacturer is unwilling to partner 
with Key Tech to make a product because it is not economically feasible for the 
standard manufacturer. 

The workshop discussion also considered variable-rate manufacturing and 
high-mix manufacturing, both aspects of low-volume manufacturing. Workshop 
participants pointed out that the Department of Defense (DOD) is interested in 
rate-independent production more than in low-volume production. Participants 
noted that the workshop was in fact more focused on responding to the needs 
of variable demand than to the needs of low volume. A participant stated that 
DOD would like to see the same cost per unit rather than having the costs scale 
dramatically depending upon the production volume. In other words, efficient, 
cost-effective, variable-rate production is a key driver for DOD. It was also noted 
that there is a need for a multiskilled workforce that could handle this type of 
flexibility. Having such a workforce is important to address high mix in a cost-
effective, viable manner.

In the question-and-answer period that followed the presentation of Mr. Ritchie, 
of the Tempus Institute, Dr. Latiff, of Latiff Associates, commented that the dis-
cussion of quick-response manufacturing (QRM) seemed to focus on efficient 
manufacturing, not variable-rate or low-volume manufacturing. He asked how 
this fits into the framework of low-volume manufacturing. Mr. Ritchie explained 
that one-off manufacturing needs to be efficient, in terms of controlling total time.

REDUCING THE COST OF LOW-VOLUME PRODUCTION

One of the challenges associated with low-volume production is that it typically 
involves high cost. Several of the speakers addressed various ways to mitigate costs. 
Mr. Ritchie’s talk focused extensively on how QRM focuses on reducing total lead 
time, which reduces total cost. He explained that QRM is a strategy that introduces 
specific techniques to reduce total lead time, not just eliminate direct cost. He said 
that QRM concepts apply throughout the enterprise, with most of the improve-
ment in time savings among up-front office applications. To actually reduce cost 
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and meet schedule requirements, Mr. Ritchie said, one must focus on reducing total 
lead time. He pointed out that everybody wins under this strategy: Both end users 
and suppliers benefit from faster deliveries as well as cost reductions.

 In his talk, Mr. Schneider addressed what could be done to reduce the time 
and costs to produce tooling for injection molding in low-volume applications. 
Mr. Schneider said that molds can be made in about a week for a few thousand 
dollars, much less than in the past. He suggested that there are two primary ways 
for costs to continue to decrease:

•	 Use generic components. It is best to start with standard molds and mold 
designs and modify them accordingly. One can trade feature flexibility 
against cost and time savings. 

•	 Increase automation. Use software-generated quoting and designs, increas-
ing the use of data-driven three-dimensional (3D) models and automating 
the mold manufacturing process.

Mr. Schneider said there are companies emerging in the United States and 
globally that are very competitive in producing low-cost injection molding tooling, 
which is a real game changer.2 

ACCESS TO RAW MATERIALS

Access to raw materials was addressed several times by workshop participants, 
primarily in the context of additive manufacturing. Kenan Jarboe, Athena Alliance, 
said that the new manufacturing paradigm would include localized production—
three-dimension printing at home, for instance. However, he pointed out that ac-
cess to raw materials can be difficult, so a regional printing site better fits this new 
paradigm than home printing; Dr. Jarboe gave the example of a local hardware 
store printing individual screws in response to customer needs. 

Dr. Jarboe also brought up the idea of a power shift from the production site to 
the raw materials site. As this happens, control of raw materials becomes increas-
ingly important. The International Traffic in Arms Regulations (ITAR) are not 
relevant when the design can be sent anywhere in the world and the parts manu-
factured additively there. A workshop participant pointed out that critical data 
are protected by ITAR as well. Dr. Jarboe replied that ITAR may not be effectively 
enforceable, however. Workshop participants also noted that when the power shifts 
to the raw materials side, there can be bottlenecks or chokeholds from the material 

2Companies such as Protomold make high-quality prototypes and returns parts in as few as 3 days 
for relatively little cost. There are also overseas companies, such as Model Solution, in Korea, that 
are very competitive.
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suppliers. Dr. Jarboe pointed out that a range of materials might need to be kept 
on-site for production. He likened it to a paint shop, where the different materi-
als are like the paint pigments. The paint color is custom-mixed from a formula. 
Likewise, a manufactured piece could be custom-made from the different materials.

During the Schafrik/Carlson presentation, Dr. Schafrik also briefly noted 
the importance of controlling the input metallic materials used for additive 
manufacturing.3 

IMPROVING THE EASE OF LOW-VOLUME MANUFACTURING 

The workshop also included discussions of possible methods to make low-
volume manufacturing easier. This discussion centered on three topics: (1) automa-
tion; (2) advanced data packages; and (3) modeling and simulation. Dr. Schafrik 
noted in his presentation that in the long term (2018 and beyond), there will be 
increased focus on the development of best practices and the use of automation. 
Mr. Schneider noted that increasing automation is an important way to improve ef-
ficiency. He suggested using software-generated quoting and designs, increasing the 
use of data-driven 3D models, and automating the mold manufacturing process. 

Other participants noted that using advanced data packages was a way to im-
prove the efficiency of low-volume manufacturing. A DOD participant commented 
that industry seems to be moving away from using annotated two-dimensional 
(2D) drawings or even 3D renderings and instead is using the part itself. He said 
that DOD is wrestling with how to move forward without needing annotated 2D 
drawings. The low-volume manufacturing state of the art has so much informa-
tion in the 3D tech data package that it may be simpler and cheaper to use the 
part rather than the data package. In the final discussion period, one participant 
noted that there are many ways to make low-volume production easier, including 
the use of advanced data packages. He pointed out, however, that there are many 
policy impediments as well. Dr. Ritchie said that it is important for companies to 
learn to manage policy-related issues.4

Dr. Gupta’s presentation focused heavily on modeling and simulation tools 
to benefit low-volume manufacturing through very large cost reductions, lowered 
design cycle times, improved efficiency, and enhanced performance. To enhance 
access to the high-performance computing required for manufacturing modeling 
and simulation, she emphasized the need for the following:

3Here additive manufacturing refers to manufacturing processes that add material rather than 
remove material to produce the final item.

4Policy-related issues can, for example, be requirements for qualification and testing of products 
before use.
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•	 Better usage patterns for shared access to high-performance computing,
•	 Customized simulation tools for specific applications in different engineer-

ing communities, and
•	 Open-source, integrated, dynamic models.

INCORPORATION OF COMMERCIAL OFF-THE-SHELF 
TECHNOLOGY AND COMMERCIAL MANUFACTURING

Incorporating COTS technology into DOD systems was repeatedly discussed 
at the workshop. Participants discussed how the use of COTS parts could improve 
efficiency and decrease costs, though there are barriers to their inclusion.

The presentation of David Johnson, Wright Patterson Air Force Base, focused 
on improving the reliability of electronics parts. He suggested that certain circuit 
locations be flagged to note critical parameters that should be controlled more 
closely than what is in the part specification. These parameters should be docu-
mented and monitored with testing. This would give confidence that the system will 
work the first time used, and with high reliability. Dr. Latiff asked if Mr. Johnson 
would propose a change to military specifications on how parts are designed and 
built. Mr. Johnson said no, that he does not want to redesign parts. He is addressing 
design practices at the circuit board and above—COTS parts that, when included 
in systems, create instabilities. 

Michael McGrath (ANSER) also focused on COTS technology and commercial 
manufacturing, summarizing the results of the decade-old NRC study Equipping 
Tomorrow’s Military Force: Integration of Commercial and Military Manufacturing in 
2010 and Beyond (NRC, 2002) on the integration of commercial and military man-
ufacturing. His talk summarized a number of ideas to improve that integration:

•	 Implement policies, incentives, and guidelines for integrating commercial 
and military manufacturing.

•	 Contract for life-support and technology refreshment.
•	 Establish a commercial acquisition academy at the Defense Acquisition 

University to augment training and education.
•	 Fund and execute rapid-response demonstration programs to build a 

broad integrated computational materials for engineering (ICME) experi-
ence base.

•	 Create mechanisms to increase awareness of future commercial technology 
and capabilities.

•	 Invest in research and development to increase the mutual compatibility of 
military operating environments and commercially produced components 
in order to mitigate technical barriers.
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The NRC report summarized by Dr. McGrath stated that there are opportuni-
ties at the system, subsystem, and component level for using commercial technol-
ogy in military systems. Opportunities increase as one moves down to the com-
ponent level. It is rare that a commercial product could replace a military system. 
Dr. McGrath explained that the military acquisition spectrum tends to work at the 
two ends of the spectrum—purely military manufacturing or purely commercial 
off-the-shelf technology.

Mr. Schneider also discussed the use of commercial technologies. He touched 
on the idea of mass customization, where one can take low-volume principles to 
tweak an item that comes off of the line of a high-volume process. This allows for 
a wider variety of products at a lower cost. He also mentioned using generic COTS 
parts and customizing them as necessary as a means to minimize overall costs. 

PROCESS QUALIFICATION AND PRODUCT CERTIFICATION

Process qualification and part certification were frequently discussed as 
constraints to low-volume manufacturing. Several participants noted the chal-
lenges associated with certifying parts made via additive manufacturing. During 
Dr. Schafrik’s talk, a participant asked if direct digital manufacturing could be 
used for replacement parts for engines. Dr. Schafrik said that qualification of the 
part becomes a challenge. Another participant noted that the Federal Aviation 
Administration has ongoing work in the certification of airline parts that have an 
additive manufacturing component.

During Mr. Schneider’s talk, a participant asked if the recertification was neces-
sary if any changes were made for production. Mr. Schneider said recertification 
would be needed for Food and Drug Administration (IEC 60601) safety testing but 
perhaps not for clinical trials if it could be documented that the changes would not 
have an effect on the results. The participant noted that, because of this, manufac-
turing partners should probably be brought into the project before FDA testing. 
He agreed that the manufacturer should be brought in early, though sometimes 
the manufacturer is not identified prior to FDA testing.

RELATIONSHIP BETWEEN ADDITIVE MANUFACTURING 
AND LOW-VOLUME PRODUCTION

Several workshop presentations focused on additive manufacturing,5 and there 
was much discussion of the interrelationship between additive manufacturing 
and low-volume manufacturing. A participant noted that additive manufacturing 

5Here, additive manufacturing refers to manufacturing processes that add material rather than 
remove material to produce the final item.
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has often been equated with low volume, but that is not necessarily true: Additive 
manufacturing can be a useful tool in certain applications but is not intrinsically 
the solution for all low-volume applications.

Dr. Jarboe discussed additive manufacturing as a disruptive technology, with 
two main characteristics: It allows for something new (not just an improvement 
on something already in existence), and it has spillover effects that create new 
activities. He pointed out that additive manufacturing is a perfect example of a 
disruptive technology based on this definition. First, additive manufacturing began 
as a technique for rapid prototyping, but it has evolved to enable 

1.	 Manufacturing new shapes that could not be manufactured before. For exam-
ple, additive manufacturing techniques can create prosthetics that would 
have been prohibitively expensive using conventional techniques.

2.	 Harnessing the new use of materials. Additive manufacturing can combine 
materials in ways that were not possible before—for example, making a 
single piece of variable density. Dr. Jarboe imagined a baseball bat made 
with variable density (hard at one end, soft at the other). 

Dr. Jarboe explained that once the materials have changed, the design process needs 
to change as well, and this causes a completely different approach to manufacturing. 
This is a hallmark of a disruptive technology. 

Second, Dr. Jarboe noted that additive manufacturing has several spillover 
effects:

•	 Additive manufacturing is based on knowledge, not assets. As a result, the 
manufacturing approaches change: Manufacturing can now be accom-
plished anywhere there is a printer.

•	 The economic structure changes. Manufacturing and service are now fused 
together.

•	 The innovation model changes. Manufacturing becomes more bottom-up. 
•	 Additive manufacturing enables a new step in globalization, which is local-

ized production within the larger global context. One participant asked if 
this globalization step could occur without additive manufacturing. Dr. 
Jarboe responded that as additive manufacturing technologies improve, 
the technique will replace traditional tools in the same local geographic 
location(s).

During the question-and-answer period, a participant pointed out that there is 
a long way to go before additively manufactured parts are considered reliable and 
durable. Dr. Jarboe said that not only does additive manufacturing create more op-
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tions geographically, but also it allows flexibility for hybridizing. Some components 
can be produced additively, others subtractively. 

Another participant pointed out that additive manufacturing is at a crossroads, 
and if the technique is not picked up soon, it will remain only a niche application. 
The community is still in search of that big application. Dr. Jarboe responded 
that this is true, there is no “killer app” right now. However, hobbyists are making 
inroads to develop important products. He mentioned underwater robotics again 
as a good example. He thought perhaps hobbyists could enlarge their business, or 
perhaps the hardware store model might prove successful.

Dr. Schafrik discussed many issues in additive manufacturing that still must 
be addressed, including

•	 Surface finish,
•	 Modeling tools,
•	 Diversifying input raw materials,
•	 Improving feeding mechanisms,
•	 Developing more consistent energy sources,
•	 Developing industry standards, including common terminology, 
•	 Increased sophistication of additive process equipment,
•	 Improving design practices to take advantage of direct digital manufactur-

ing capabilities,
•	 Development of the capacity to produce more complex shapes, and
•	 Inspection and qualification techniques.
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Summary of Workshop 

Presentations and Discussions

WORKSHOP INTRODUCTION

 Robert Latiff, R. Latiff Associates

Robert Latiff welcomed participants to the workshop on limited, affordable, 
low-volume manufacturing, an activity of the National Research Council’s (NRC’s) 
Standing Committee on Defense Materials, Manufacturing, and Infrastructure 
(DMMI). The DMMI, which was formed under the auspices of the NRC’s National 
Materials and Manufacturing Board (NMMB), meets at the request of Reliance 
21, a Department of Defense (DOD) group of professionals that was established 
in the DOD science and technology (S&T) community to increase awareness of 
DOD S&T activities and increase coordination among DOD services, components, 
and agencies.

Dr. Latiff noted that several of the presentations early in the day will focus on 
additive manufacturing. He said that additive manufacturing was not the intended 
workshop focus, but it is an important, timely topic that is relevant to low-volume 
production. He also noted that low-volume production may also be relevant to 
sustainment,1 to produce low volumes of replacement parts.

1Here, sustainment refers to maintenance.
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ADDITIVE MANUFACTURING AS A DISRUPTIVE TECHNOLOGY

Kenan Jarboe, President, Athena Alliance

Dr. Jarboe began his presentation by explaining that he was not going to de-
scribe additive manufacturing as a replacement for traditional manufacturing. He 
said that while the economic conversation has recently focused on the idea of a 
replacement technology, it is not the appropriate way to frame additive manufac-
turing technology. Instead, his talk would focus on additive manufacturing as a 
disruptive technology, put into the context of economics and other forces at work.

Dr. Jarboe then described the macro forces at work in the economy:

•	 The rise in the intangible economy. He said that there has been a shift in the 
factors of production away from tangible assets (such as land and capital) 
to intangible assets (such as knowledge). Knowledge is embedded not just 
in patents and copyrights but also in workforce skills, social relationships, 
and organizational processes. Dr. Jarboe pointed out that this creates a 
whole new series of factors in production that drive competitiveness. For 
example, the measure of the gross domestic product (GDP) has recently 
been modified to include intellectual property, which raised GDP overall 
by $500 billion.

•	 The fusion of manufacturing and services. Dr. Jarboe explained that the 
traditional breakdown of manufacturing and services does not make sense 
anymore, as they are intertwined. A book to be released by Massachusetts 
Institute of Technology, Production in the Innovation Economy (Locke and 
Wellhousen, 2014), is confirming this as well. Dr. Jarboe gave the example 
of Apple, which has fused together manufacturing and services not only by 
creating iPods and iPads but also by integrating them with the iTunes ser-
vice. Dr. Schafrik interjected that manufacturing has always used services, 
in the form of information flow, logistics, and transportation. Dr. Jarboe 
responded that the relationship is changing now, because the value added 
has transitioned from pure manufacturing (that is, economies of scale) to 
the services/knowledge part of the mix, including the high level of knowl-
edge embedded in the products.

•	 The change of the innovation process. Dr. Jarboe explained that in the past, 
the process model was linear. Vannevar Bush popularized a linear model 
that showed basic research feeding into applied research, followed by 
technology development. Dr. Jarboe said that now there are many differ-
ent models of innovation. He likes a “stew pot” model, in which multiple 
ingredients are mixed together. Models are now driven by user need, with 



Copyright © National Academy of Sciences. All rights reserved.

Limited Affordable Low-Volume Manufacturing:  Summary of a Workshop

L i m i t e d  A f f o r d a b l e  L o w - V o l u m e  M a n u f a c t u r i n g14

bottom-up, design-based thinking involving rapid problem solving and 
prototyping.

•	 The move to the latest step in globalization, “Globalization 4.0.” Dr. Jarboe 
explained the different steps in globalization. Globalization 1.0 was char-
acterized by growth in international trade. In Globalization 2.0, the supply 
chain became global, but production remained specialized in different 
regions. In Globalization 3.0, the complete economic structure became 
global, and the focus was on harmonizing the economic rules. In Global-
ization 4.0, production will be brought back to a very local system, though 
still within the global context.

Dr. Jarboe then defined a disruptive technology. He began with the example 
of the steam engine and the railroad. The steam engine was initially designed 
to be used as a pump (linear motion). The steam engine technology was then 
transitioned to the locomotive, where the pump’s linear motion was converted to 
rotational motion to turn the locomotive wheels. The railroad system was then 
overbuilt, causing shipping rates to drop precipitously. This series of events had 
three major impacts:

•	 New markets opened. With the overbuilding of the railroad, more kinds of 
retail companies (such as Sears) began shipping by rail, since costs were 
low. Thus, overbuilding the railroads opened entirely new markets. It also 
increased the demand for machine-based manufacturing (such as steel, 
machining of parts). 

•	 Management structures changed. Management changes were needed to 
schedule trains and standardize time zones across the United States. 
Dr. Jarboe recommended the book The Visible Hand: The Managerial 
Revolution in American Business (Chandler, 1977) for its explanation of 
this phenomenon. 

•	 Government processes changed. The railroads led to a faster rise of the civil 
service in that they called for synchronized introduction of new concepts 
such as time zones and standards reaching across the whole country—for 
example, a unified railroad track gauge. Dr. Jarboe then stated that, today, 
information technology would change government processes in a similar 
way. He was challenged on his statement by one participant; Dr. Jarboe 
responded by saying that, as an example, massively distributed and wide-
spread Internet use would allow constituents to inform members of Con-
gress of their opinions. 

Dr. Jarboe then said the lesson from the railroad example is that a disruptive 
technology has two main characteristics: It allows for something new (not just 
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an improvement on something already in existence), and it has spillover effects 
that create new activities. He pointed out that additive manufacturing is a perfect 
example of a disruptive technology using this definition. First, additive manufac-
turing began as a technique for rapid prototyping, but it allows

•	 Manufacturing new shapes that could not be manufactured before. For exam-
ple, additive manufacturing techniques can create prosthetics that would 
have been prohibitively expensive using conventional techniques.

•	 Harnessing the new use of materials. Additive manufacturing can combine 
materials in ways that were not possible before—for example, making a 
single piece of variable density. Dr. Jarboe imagined a baseball bat made 
with variable density, hard at one end, soft at the other. 

Dr. Jarboe explained that once the materials have changed, the design process 
needs to change as well, and a completely different approach to manufacturing is 
called for. This is a hallmark of a disruptive technology. 

Second, Dr. Jarboe noted that additive manufacturing has several spillover 
effects that fit neatly into the macro forces he discussed at the outset of his talk:

•	 Additive manufacturing is based on knowledge, not physical assets. As a 
result, the manufacturing approaches change: manufacturing can now be 
accomplished anywhere there is a suitable printer.

•	 The economic structure changes. Manufacturing and service are now fused 
together.

•	 The innovation model changes. Manufacturing becomes more bottom-
up, as designs can be changed at the user end rather than only at a large 
manufacturing company’s design department.

•	 Additive manufacturing enables Globalization 4.0. This means localized 
production—printing at home, for instance. However, access to raw mate-
rials can be difficult, so the model is better suited to a regional printing site; 
Dr. Jarboe gave the example of a local hardware store printing individual 
screws as the customer needs them. Dr. Latiff asked if Globalization 4.0 
could occur without additive manufacturing. Dr. Jarboe responded that as 
additive manufacturing technologies improve, the technique will replace 
traditional tools in the same local geographic location(s).

Dr. Jarboe then discussed how additive manufacturing disruptive technology 
might change the design and function of weapon systems. He pointed out that 
whatever we can do with this technology our adversaries can do as well. Strategic 
and military readiness issues then get wrapped up in additive manufacturing de-
velopment. Also, as power shifts from the production site to the raw materials site, 
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control of raw materials becomes more important. The International Traffic in 
Arms Regulations (ITAR) is not so relevant when the design can be sent anywhere 
in the world and the parts manufactured additively there. A workshop participant 
pointed out that critical data are protected by ITAR, but Dr. Jarboe replied that 
the regulations may not be effectively enforceable. Dr. Jarboe concluded his talk 
by saying that spillover effects from additive manufacturing will occur, but we do 
not know where the technology will lead us other than that it will allow us to do 
things we have not been able to do before.

During the question-and-answer period, a participant pointed out that there is 
a long way to go before additively manufactured parts are considered reliable and 
durable. Not only does additive manufacturing create more options geographically 
Dr. Jarboe said, but also it allows flexibility for hybridizing. Some components can 
be produced additively, other subtractively. The Federal Aviation Administration 
has ongoing work in the certification of airline parts with an additive manufactur-
ing component.

Another participant pointed out that if we expect additive manufacturing to be 
disruptive, we should be seeing that disruption now in the toy market, where addi-
tive manufacturing use is widespread. However, Dr. Jarboe believed that the hobby 
toy market is still too small to see this effect. Another participant said that in the 
automotive industry, if there is a shortage or if it is impossible to make parts con-
ventionally for some reason, the industry turns to additive manufacturing to make 
10,000 parts or so as a stopgap measure. This is not disruptive, but supplemental.

A participant pointed out the problem of patent infringement, whereby it 
may become easier to make a patented product, putting the small manufacturer 
out of business. Dr. Jarboe agreed that this could be problem, but switching to an 
open source business model might be a response. He noted that the underwater 
exploration community has designs and kits for small underwater robots that can 
be customized and built additively at a fraction of the price of conventionally pro-
duced robots. The result is an expansion of the market for such products so that 
the small manufacturers in underwater exploration can still thrive even though the 
basic designs are open to all. 

Workshop participants then discussed the idea that the power structure will 
shift to the raw materials side, where there can be bottlenecks or chokeholds from 
the material suppliers. Dr. Jarboe pointed out that a range of materials might need 
to be kept on-site for production. He likened the situation to that a paint shop, 
where the different materials are like the paint pigments. The paint color is custom-
mixed based on a formula. Likewise, a manufactured piece could be custom-made 
from the different materials.

Another participant pointed out that additive manufacturing is at a crossroads, 
and if the technique is not picked up soon, it will remain only a niche application. 
The community is still in search of that big application. Dr. Jarboe agreed there is 
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no “killer app” right now. However, hobbyists are making inroads as they develop 
important products and new additive-only designs. He again mentioned underwa-
ter robotics as a good example. He thought perhaps hobbyists could enlarge their 
businesses, or perhaps the hardware store model might prove successful.

Dr. Latiff asked what, if anything, was being done in Congress to get out in front 
of this issue. Dr. Jarboe pointed out that Congress is a reactive body, and they do 
not generally get out ahead of a problem. If the community can identify a specific 
issue, Congress can work to address it.

The discussion ended on the topic of design possibilities. Dr. Jarboe said that 
large-scale systems are not yet feasible for additive manufacturing. We cannot, for 
instance, use it to develop a whole airplane or building, at least at this stage of the 
technology. The challenge right now is to think about how individual additively 
manufactured components can change the design space.

LOW-VOLUME MANUFACTURING USING ADDITIVE PROCESSES

Dale Carlson, General Manager for Technology Strategy, GE Aviation

Dr. Carlson was unable to participate in the meeting because of a last-minute 
conflict in travel plans. Dr. Schafrik, General Manager, GE Aviation, presented 
Dr. Carlson’s ideas on his behalf.

Dr. Schafrik began the talk by showing the history and emergence of direct 
digital manufacturing, tracing it back to the macro-layered construction of the 
pyramids at Giza in 2300 B.C. and continuing through to today’s qualification of 
direct digital manufacturing (DDM) and its transition from rapid prototyping to 
low-volume production for the aerospace industry. 

Dr. Schafrik then noted some issues that must be addressed to accelerate the 
adoption of DDM. He divided these issues temporally into short-term, mid-term, 
and long-term challenges. In the short term (2014), a main issue of consideration is 
the improvement of surface finish. Another issue to be addressed is fatigue endur-
ance. Dr. Schafrik noted that Dr. Carlson’s charts show tensile strength and ductility 
properties. Fatigue properties are also critically important for many applications. 
Achieving a fatigue life for DDM comparable to that achievable with conventional 
production methods is of interest, and this may require postprocessing steps. 
Process monitoring is another key issue. It includes such challenges as improv-
ing modeling tools, improving machines, controlling input materials (especially 
the powder feedstock), improving powder delivery mechanisms, and maintaining 
consistent energy sources to avoid stop/start during lengthy process cycles. Finally, 
another issue in today’s world is establishing industry standards. Developing com-
mon terminology is a related challenge.



Copyright © National Academy of Sciences. All rights reserved.

Limited Affordable Low-Volume Manufacturing:  Summary of a Workshop

L i m i t e d  A f f o r d a b l e  L o w - V o l u m e  M a n u f a c t u r i n g18

In the medium term (notionally 2016), Dr. Schafrik said that the focus will 
shift to the development of better analytical tools to predict material capabilities. 
He pointed out that there will be application-specific and higher-capacity machines 
to ensure the process parameters are optimal for each manufacturing application. 

In the long term (2018 and beyond), he said that there will be a focus on the 
development of best practices and the increased use of automation. Applications 
of the future include graded materials, bio-analog materials, and smart materials 
(these are difficult to process by conventional means). Dr. Schafrik noted that GE 
is interested in increasing the choice of sizes in which the product is available and 
the throughput of the process, with the latter being of more immediate interest.

After describing additive manufacturing as being in the early adoption phase 
of the sigmoidal adaptation curve, he went on to discuss the systems used in ad-
ditive manufacturing. The two primary systems currently are laser deposition and 
electron beam deposition, each of which has advantages. The powder bed/powder 
feed is a critical operation. As part of the qualification of the process, extraneous 
matter has been introduced into the powder bed to determine its resultant effect 
on the material properties. This experiment, with others, was helpful in establishing 
production standards and specifications. Dr. Schafrik noted that a limited number 
of alloy powders are readily available from powder suppliers, although larger us-
ers need volumes sufficient to warrant the production of specialty powders. He 
pointed out that during additive manufacturing much of the powder is swept off 
after some of each layer is consolidated, and the unused powder can be collected 
and used again. A research question is identifying how many times the powder 
can be used before its morphology changes too much to be reused. Other research 
questions include using wire feed instead of powder,2 assessing layer thickness in 
real time, increasing chamber sizes, assessing tolerances, and improving surface 
finish. Properly processed alloys can approach the strength and fatigue properties 
of wrought materials. 

Dr. Schafrik then showed the processes needed to produce a structural com-
ponent using laser deposition, illustrated in Figure 1. There are four primary steps:

1.	 Direct metal laser sintering (DMLS). Apply localized, rapid heating, melting, 
and solidification;

2.	 Stress relief. Reduce residual stress without distortion of the part; should 
be done prior to the removal of the part from the build platform;

3.	 Hot isostatic pressing (HIP). Reduce internal porosity and microcracks; and
4.	 Precipitation and solution heat treatment. Enhance the structural alloy via 

heat treatment processes to transform the as-deposited microstructure into 
an engineered microstructure. 

2For example, Sciaky makes an electron beam system that uses titanium wire rather than powder.



Copyright © National Academy of Sciences. All rights reserved.

Limited Affordable Low-Volume Manufacturing:  Summary of a Workshop

19S u m m a r y  o f  W o r k s h o p  P r e s e n t a t i o n s  a n d  D i s c u s s i o n s

Dr. Latiff said that if the part being manufactured needs to be of high toler-
ance, the impact of these four processing steps on the physical dimensions may 
matter. Dr. Schafrik responded that one could do a finish machining operation. 
Dr. Latiff countered by pointing out that additive manufacturing is often used to 
make unique geometries that cannot be machined or made in any other way, so a 
machining operation would not always be a viable solution. The speaker later added 
that advances in process models and process controls will enable precision shape 
control of the finished part without the need for finishing operations. 

Dr. Schafrik then compared four different manufacturing methods: additive 
manufacturing, wrought/forging, casting, and powder metallurgy. The advantages 
of additive manufacturing include the ability to make complex shapes with little 
waste, and to do so rapidly. The product’s properties are good, but the overall cost 
is currently just fair. Wrought and forged parts from cast ingots are widely used in 
manufacturing premium quality parts because of the materials’ superior fatigue 
properties, but the buy-to-fly ratio is poor. Dr. Schafrik reported that for aerospace 
parts, typically 6-8 lb of material are required to produce 1 lb of finished part. 
While this is a high ratio, it was formerly 10:1, so progress is being made. Cast-
ing is cost-effective, but there can be segregation and shrinkage on the microscale 
as the part solidifies, which introduces defects that can affect overall part life. A 
hybrid approach combines elements of additive manufacturing with elements of 
casting or forging. 

He pointed out that people often say that DDM results in mechanical proper-
ties similar to those of forged materials. However, the accuracy of that statement 

FIGURE 1  Processing steps needed to create a structural material. SOURCE: Courtesy of Dale Carlson, 
GE Aviation. Slide no. 6.
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depends on the material system and the DDM processing and postprocessing 
steps to obtain the desired microstructure and resultant properties. Dr. Schafrik 
provided examples of the microstructure of a cobalt-chromium alloy, of Inconel 
718, of a titanium alloy, and of an aluminum alloy, comparing an additively manu-
factured part (with heat treatment) to a wrought component. In the aluminum 
alloy example (a propeller made from 6061 aluminum), the heat-treated additively 
manufactured part actually had better properties than the wrought part.

Dr. Schafrik then showed a production part, a cobalt-chromium alloy fuel noz-
zle. It is designed in such a way that it cannot be conventionally manufactured and 
must be made via additive manufacturing. The cross section is very complicated, 
with multiple internal passages in the nozzle. The conventional part would need 
at least 10 braze joints, as well as multiple rounds of brazing. This would result in 
degraded properties. Using additive manufacturing, the part consists of only one 
piece, and its properties are improved. GE is planning to produce a number of these 
nozzles, which creates a need for reproducible results. GE also is investigating other 
materials in addition to the cobalt-chromium.

Dr. Schafrik mentioned that GE has formed a joint venture with Sigma Labs 
for real-time quality control. It is investigating a number of different concepts, and 
preliminary results are encouraging. The intent is to make the resultant quality 
control system available to the industry. 

Dr. Schafrik pointed out that the use of additive manufacturing will create a 
supply chain shift. For this to happen on a large scale, supplier capabilities must 
be improved. Some requirements are these:

 
•	 Increase sophistication of additive process equipment;
•	 Enhance capability to produce more complex shapes;
•	 Modifiy current design practices to fully exploit DDM capabilities;
•	 Replace castings with DDM; and
•	 Reduce the time and cost to qualify the new process.

During the question-and-answer period, someone asked if GE is working on 
the development of the next generation of additive manufacturing machines. Dr. 
Schafrik responded that it is having discussions with equipment manufacturers, 
giving feedback on the improvements that should be made in the machines. 

A participant pointed out that the cost of additive manufacturing of structural 
parts is high and asked if approaches are under way to reduce that cost. Dr. Schafrik 
said that companies are looking to reduce the cost of the powder and increase the 
throughput rate of the processing. The heat treatment steps are also candidates for 
cost reduction. He pointed out that in the case of the cobalt-chromium fuel nozzle, 
the part “bought itself” onto the engine by virtue of its superior cost, durability, 
and functionality.
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Dr. Latiff pointed out that the fuel nozzle example would result in millions of 
parts produced. He wondered how this fits in with the workshop theme of low-
volume production. Dr. Schafrik said that it depends on one’s definition of low 
volume. GE makes several thousand engines per year. Each engine has tens of fuel 
nozzles. Dr. Schafrik considers this low volume, especially given that many ma-
chines are required to produce even this limited volume; production is increased 
by deploying more additive machines. Another participant pointed out that DOD 
is really interested in rate-independent production rather than low-volume produc-
tion. In general, DOD would like to see the same cost per unit rather than having 
the costs scale dramatically depending on the production volume. Variable-rate 
production is key.

Another participant asked if DDM could it be used for replacement parts for 
engines. Dr. Schafrik said that the qualification of the part becomes a challenge.

Dr. Jarboe asked how GE changes its design processes to take advantage of 
DDM. Dr. Schafrik said that GE does quite a bit of testing to failure at the sub-
scale and full-scale level. Why and how the part fails in the tests are analyzed. The 
analysis and lessons learned are incorporated into the design practice, including 
the mechanical design as well as materials processing. 

DESIGN AND DEVELOPMENT OF ELECTRONICS AS 
CONTROLLABLE, WELL-CONTROLLED PROCESSES

David H. Johnson, Senior Electronics Failure 
Analyst, AFRL Materials Directorate

Mr. Johnson began by stating that his goal is to treat the electronics design and 
development processes as controllable, as is done for manufacturing. Electronics 
design in military applications is currently more of an art than a science—though 
he acknowledged that, as a failure analyst, he tends to see the worst cases. If the 
design and development of electronics are controllable, then the end product 
should be working and reliable the first time; in other words, the user should see a 
first-pass yield. The idea of a first-pass yield fits neatly into the idea of low-volume 
manufacturing. When one is building only a few of a particular item, it is efficient 
and cost-effective to avoid multiple iterations.

Mr. Johnson explained that avionics has had poor reliability since the 1970s. 
When a part was to be replaced, certain versions of the replacement part would 
work and others would not. The parts might function in other applications—that 
is, the problem has been not with part failure but rather with the part’s compat-
ibility in subsystems and systems. 

He made several observations about failures in electronics systems:
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•	 Most electronic parts do not have inherent mechanisms for wearing out.
•	 Parts are the fundamental unit of design, assembly, and manufacturing. 

They are also the fundamental unit of failure, repair, and obsolescence. 
One misapplied or unstable part can render an entire system unstable 
and unreliable. It is critical for each part, at every circuit location, to be 
correct. For this to occur, the design and development processes must 
be completely controllable. Some parts have unavoidable life limits, but 
capable, controllable, well-controlled design and development processes 
should be able to identify life-limited parts and find alternative parts or 
circuit topographies that eliminate all, or almost all, sensitive parts. The 
goal is to have a failure-free service life. 

•	 Parts fail, not systems or subsystems or assemblies. There are very few in-
herent wear-out mechanisms in electronics, and unless parts and materials 
are misapplied, there should be very few failures over the entire service life 
of a system. However, the DOD may have to tolerate a heavy maintenance 
cost on top of the high original manufacturing cost, driven by parts that 
are not fully suitable for application in harsh environmental conditions or 
in specific circuit locations.

Mr. Johnson said that most of today’s solid-state electronics parts, unlike 
vacuum tubes and other parts of the past, do not have wear-out mechanisms. The 
initial problems associated with today’s parts tend to be either poor quality or 
related to undocumented characteristic/parametric variability (i.e., vendor data 
sheets not documenting the full range of variability of essential parameters and 
characteristics). Mr. Johnson explained that the Rome Air Development Center 
field failure return study demonstrated this type of problem. Solid-state parts, 
which had been removed for cause at Air Force repair depots, were tested sepa-
rately by each of the parts’ original vendors. It was determined that 85 percent 
of the parts that had been diagnosed as having failed and that were removed still 
complied with the applicable part-level acquisition specs. Parts were failing not 
because they fail to meet their specifications but because there is an underlying 
problem with how they are integrated into systems. Parameters key or critical to 
the proper function and performance of a given vendor’s version of a part, when 
it is used at a particular circuit location, were or are not tightly enough controlled 
by the acquisition specifications over time and temperature. This problem has 
been observed over and over again in failure analysis and investigations into the 
root causes of poor reliability and manufacturing yields. Mr. Johnson said there is 
no customer demand in the DOD for designers to identify, document, or control 
critical parameters of each and every part as applied at each circuit location. Mr. 
Johnson acknowledged that the task may sound monumental, but in reality, with 
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modern computer-aided design (CAD) modeling and simulation capabilities, it 
would not be very onerous. Often, a small number of unstable parts in a system 
tend to dominate the maintenance demand. During design, circuit optimization 
should include minimizing the number of parts with inadequately controlled criti-
cal parameters. Those parts having critical parameters that cannot be adequately 
controlled by vendor or military acquisition specifications are the ones for which a 
detailed, location-specific specification needs to be developed. Such a specification 
would ensure that the one or two parameters important for proper performance 
and reliability at a specific circuit location are controlled within limits that account 
for parametric drift due to aging and thermal effects over the design service life, 
using test sampling to verify performance. 

Mr. Johnson pointed out that most original equipment manufacturers (OEMs) 
are using commercial-grade parts, which typically have more specified character-
istics and parameters as well as tighter limits than the military version of the 
same parts. However, for parts sold using the vendor’s own part numbers and 
specifications, there are disclaimer statements that allow the vendors to change 
any number of parameters (such as the construction of the part, design of the die, 
tested parameters, testing conditions, and accept/rejection criteria) without notice 
to those planning to use or already using their parts in design, manufacturing, 
and/or field support. As a result, the specification becomes a notional description 
of the part, rather than a true specification that actually controls design/applica-
tion critical characteristics. Larger manufacturers prepare part specs of their own 
that establish and control parameters and associated limits critical for part use at 
each and every circuit location where applied. If buying in low volume, however, 
DOD OEMs are forced to buy parts through distributors, using the vendor’s 
own part number and specifications. When buying parts to a vendor-controlled 
specification, the delivered parts can vary substantially from the published vendor 
specification. These variations can occur from part to part within the same lot 
and certainly from lot to lot. This is a real problem if the part is to be used in a 
high-performance system where parts are being pushed to near-maximum perfor-
mance limits. When, for standardization or availability purposes, more than one 
vendor’s part can be substituted during manufacturing and field support, rework 
and field reliability problems arising from poorly controlled critical parameters 
become much worse.

Mr. Johnson suggested that certain circuit locations be flagged to note where 
critical parameters need to be controlled more closely than is possible when us-
ing the available part-level acquisition specification. These parameters should be 
documented, including the tighter limits needed at a specific circuit location. These 
limits can then be used to sort parts and, thereby, enhance part suitability at par-
ticular sensitive circuit locations. This would give confidence that the system will 
work the first time used, with high reliability. In a study of an Air Force fire-control 
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radar undertaken to identify root causes for very heavy maintenance demand, the 
DOD discovered a 94 percent correlation between specific circuit locations causing 
very heavy factory rework burden and those same circuit locations also causing 
the vast majority of field failures and maintenance demand. Indeed, manufactur-
ing rework was found to be a very good predictor of field failures and reliability. 
Most importantly, factory rework data often accurately predict very early in an 
acquisition program which parts will cause the vast majority of field failures. Fac-
tory rework data identify those parts that have been misapplied during design and 
development. A well-controlled, closed-loop design process will not only prevent 
factory rework, cutting acquisition costs, but will also substantially reduce costs of 
ownership by reducing field failures. If a requirement is established for the OEM 
to determine the correct root causes of factory rework by identifying and gaining 
control of those key/critical parameters/characteristics missed in original design 
and development, field reliability will be improved and maintenance burden and 
costs driven down very early in the acquisition process. As part failures are driven 
down over the service life of a system, parts obsolescence is also significantly driven 
down. If an obsolescence problem does occur, knowing the circuit-location-specific 
critical part parameters allows the cheapest, fastest obsolescence solutions to be 
found (part-level solutions rather that circuit assembly redesign and manufacture).

A participant noted that Mr. Johnson reported on a large set of data correlating 
parts and locations with failures and asked if a systematic process could be put in 
place to design systems going forward. Mr. Johnson replied that one can identify 
problematic parts and parameters through Monte Carlo simulations and other 
variability and tolerance analysis techniques, even in cases where the parameters 
meet the specs. Then, design trades can be made to minimize the number of parts 
with critical parameters. The ones that must remain could be documented, along 
with limits that ensure proper function and performance over time and tempera-
ture, and the circuit specs amended accordingly. 

Dr. Latiff said he was surprised that location-specific parameters were not 
specified or controlled. He wanted to know if Mr. Johnson would propose a change 
to military specifications on how parts are designed and built. Mr. Johnson said 
no, it is not possible to have vendors redesign or specify their parts for low-volume 
military applications. He is addressing design practices at the circuit card and 
above—ensuring that COTS parts (and all other grades of parts), when included 
in systems, do not create instabilities and failures in spite of the parametric vari-
ability that vendor disclaimer statements can allow/enable. 

A participant asked if it would be possible to stop using the vendor’s part 
altogether and provide spec-controlled drawings instead. Mr. Johnson responded 
that that would be fine—if vendors accepted and would be willing to supply parts 
(in low volume) to the drawings. If the part is low volume, part vendors would be 
reluctant to accept such drawing. As a result, it would probably be better to control 
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the variability of the existing vendor part by sorting parts during original manufac-
turing so as to ensure entire-service-life suitability of each part used during original 
manufacturing. Another participant noted the connection to the GE discussion of 
powder supplies for additive manufacturing. In that case, GE needs to verify the in-
put to guarantee that it has received the requested material. The question becomes 
one of verification. In low-volume production, the costs do not typically include 
verification testing. Another participant noted that materials can vary significantly, 
and in-house testing will often be needed to make sure the material microstructure 
is accurate. In-house testing will guarantee that the material has the desired prop-
erties. With electronic parts, unlike materials, reliability can be time-dependent. 
Mr. Johnson also pointed out that vendor part testing is usually conducted at room 
temperature, and only a subset of parameters is tested. When field conditions are 
outside the testing parameters, more variation may be seen in the electronic parts. 
So, sorting of parts to ensure adequate control of critical parameters at each circuit 
location where such control is necessary must be done with testing across a range 
of temperatures rather than only at room temperature. Fortunately, most parts will 
have only one or two critical parameters that must be tested during sorting so as 
to ensure circuit location suitability: Not every parameter in a specification would 
need to be retested to tighter limits. And, experience indicates that only a subset of 
parts will need specific parametric sorting if circuit designs are optimized to reduce 
the number of sensitive circuit locations. These design practices are commonly used 
for high-volume commercial and industrial electronics. The design tools already 
exist to perform variability sensitivity analysis necessary to minimize sensitive 
circuit locations and to identify, document, and provide a means of controlling 
critical parameters that can’t otherwise be eliminated. 

Substantial savings would be realized in both acquisition and life-cycle support 
of our military systems if significant reduction of factory rework during original 
manufacturing and elimination of field failures could be achieved—especially if 
those failures that are caused by out-of-tolerance parametric drift are removed 
during the factory rework. Here, parametric drift is normally due to thermal ef-
fects that are not duplicated during diagnostic testing at our depots. In addition to 
significant reductions in acquisition and ownership costs, mission availability and 
readiness metrics would also be substantially improved as the goal of failure-free 
service life is approached. 

Customer demand for a capable, controllable, well-established design and 
development process for electronics/avionics, that in part would require identi-
fication, documentation, and controlling key/critical parameters over time and 
temperature at each and every location in a circuit assembly, can and should be 
met. The design tools and capabilities to implement these Engineering 101 con-
cepts exist. The added time to perform the necessary engineering tasks would be 
minimal. There is a need to hold OEMs responsible for identifying root causes of 
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rework and providing corrective actions such that virtually all parts, used at each 
and every circuit location, are suitable for the application and will function prop-
erly over the entire design service life. Given that most modern electronic parts 
technologies have no inherent wear-out mechanisms, if they are not misapplied, 
failure-free service life is a goal that could be accomplished in many of our military 
systems that today require maintenance attention following almost every mission. 
Tolerance analysis of signal paths causing high rates of cannot-duplicate failures 
could be used to identify and gain control of the parametric tolerance stacks caus-
ing these types of failures. Cannot-duplicate intermittent failures are the cause of 
huge expenses for maintenance, with faults often not found in spite of many at-
tempts to diagnose and repair.

REDUCING TOTAL LEAD TIME WITH QUICK 
RESPONSE MANUFACTURING 

Bill Ritchie, President, Tempus Institute

Mr. Ritchie began his talk by describing his own history in the manufacturing 
industry and how production volume has varied through his career. He illustrated 
the differences between the high- and low-volume markets. Mr. Ritchie began his 
career manufacturing 48,000 struts per day for General Motors. He then moved 
to making custom one-offs for truck bodies and dumpster collectors, with 4,000 
customers a year. He then produced engineered-to-order pumps and water-blasting 
equipment. He then moved to developing custom gears. He pointed out that he 
knows from personal experience that high-volume manufacturing techniques do 
not apply to one-off production. His talk focused on quick-response manufactur-
ing (QRM) and its applicability to low-volume manufacturing, and he recom-
mended two seminal books on QRM, written by Rajan Suri, a professor at the 
University of Wisconsin (Suri, 1998, 2010). 

Mr. Ritchie then described the Center for Quick Response Manufacturing at 
the University of Wisconsin, with which he is affiliated. The center was founded in 
1993 as a university-industry partnership to address methods for lead time reduc-
tion in manufacturing. The Center has over 200 member companies, including 
many international companies. 

Mr. Ritchie explained that there are two types of variability in manufacturing: 
dysfunctional and strategic. Dysfunctional variability means that something went 
wrong, and it includes things such as redesigns, “hot” jobs requiring expediting, 
machine breakdowns, and wrong specs. Strategic variability is the result of changes 
in circumstances, and it includes such things as increased product options, cus-
tom-engineered products, and highly variable demand. Traditional manufacturing 
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techniques seek to reduce variability, no matter the source. The purpose of QRM 
is to exploit strategic variation in addition to resolving dysfunctional variation. 
The overall goal is to reduce total lead time. When total lead time is reduced, other 
benefits are realized, such as improved quality and decreased costs. Mr. Ritchie 
gave an example of a company that reduced manufacturing lead time from 75 to 
4 days, lowering the cost per part by 30 percent. In another example using QRM, 
lead times were lowered from 47 hours to 1 hour by reducing premanufacturing 
(i.e., administrative) lead time. Mr. Ritchie provided additional examples of total 
lead time reduction that lowered cost and increased profit.

Mr. Ritchie broke down QRM into four core concepts and described each one 
in more detail:

1.	 Understand the power of time. Mr. Ritchie said that lead time drives ev-
erything: business understanding, decisions, and metrics. He pointed out 
that in most cases the touch time (the amount of time actually working 
with the product) is but a fraction of the overall elapsed time in a manu-
facturing project. This provides the opportunity to dramatically reduce 
the overall elapsed time by reducing the lead times at each step of the 
project. Figure 2 shows the time breakdown for an example manufacturing 
process. In the example, the office lead time was 12.6 days, during which 
only 1 hour of work was performed. Mr. Ritchie pointed out that most 
companies focus on improving touch-time efficiency—the direct labor 
portion—whereas the real saving to be gained is in total lead time. Over-
head is usually 50 percent of total costs, while direct labor costs are 5 to 10 
percent. He showed results from John Deere, looking at the relationships 
between total lead time reduction and cost for 12 of their projects. In the 
study, lead time decreased by anywhere from 36 to 94 percent, and overall 
cost decreased by an average of 25 percent.

2.	 Organize the enterprise for responsiveness. The main idea behind QRM is to 
develop multifunctional cells that are organized around task completion 
instead of the traditional stovepipes, where each function is separate from 
the others.

3.	 Understand and exploit system dynamics. Mr. Ritchie explained that long 
lead times tend to result in even longer lead times elsewhere in the project. 
Variation grows exponentially as project time increases. 

4.	 Develop a strategy for the entire enterprise. Mr. Ritchie emphasized the need 
to introduce specific techniques to reduce total lead time and not to focus 
on merely reducing costs. 

Mr. Ritchie noted that companies traditionally focus on the touch time, be-
cause that is when the actual work is being conducted. However, the additional 
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time spent managing projects is more expensive than the touch time, because the 
lead time dwarfs the touch time. He pointed out that the use of multifunctional 
cells reduces total time, but the touch time increases to enable this. Mr. Ritchie 
explained that the traditional practice is to multitask, to work on another project 
while waiting for a response from another team member. In a multifunctional 
cell, team members work on a project until the task is complete. In his example 
of a “basic” order, the use of multifunctional cells reduces total order time by 75 
percent, but touch time increases by 15 percent. In his example of a “complex” 
order, total order times decrease by about 75 percent again, but touch time in-
creases by 25 percent. 

To summarize, Mr. Ritchie said again that QRM is a strategy that introduces 
specific techniques to reduce total lead time, not just focusing on direct cost. He 
said that quick response manufacturing concepts apply throughout the enterprise, 
with most of the improvement in time savings in up-front office applications. To 
actually reduce cost and meet schedule requirements, Mr. Ritchie said that one 
should focus on reducing total lead time. Finally, he pointed out that everybody 
wins under this strategy: End users and suppliers benefit from improved deliveries 
and total cost reductions.

Mr. Ritchie then addressed the issue of how to apply this to the DOD. He 

FIGURE 2  Comparison of a cost-based focus and a time-based focus for a sample manufacturing 
process. SOURCE: Presentation by Bill Ritchie, Tempus Institute. Slide no. 13 (from Suri, 2010).
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pointed out that affordability is a main concern for DOD, and lead time reduction 
could make certain programs more affordable. He pointed to the High Velocity 
Maintenance project, which investigated the total lead time for the repair of a C-130 
and made adjustments to improve efficiency. Mr. Ritchie also said that total lead 
time could be the primary performance metric for all DOD manufacturing efforts.

In the question-and-answer period, Dr. Latiff commented that this talk seemed 
to focus on efficient manufacturing, not variable-rate or low-volume manufac-
turing. He asked how this fit into the framework of low-volume manufacturing. 
Mr. Ritchie replied that one-off manufacturing needs to be efficient, in terms of 
controlling total time.

Another participant noted that part of the cost premium in low-volume manu-
facturing is risk: part of the cost is moving up the learning cycle, and part of the 
cost is uniqueness (the fact that you cannot get the product anywhere else). The 
participant asked how the cost savings under QRM would translate to DOD and 
how the costs associated with risk, the learning curve, and uniqueness would be 
affected. Mr. Ritchie responded that the cost might benefit the company and not 
DOD, at least not directly. However, there are other benefits to QRM that would ap-
ply, such as overall decreased time and the ability to delay the manufacturing start.

Dr. Schafrik pointed out that using multifunctional cells tends to increase 
quality and decrease the number of redesigns. Problems can be identified quickly 
and can be fixed right when they occur. Collaborating in cells means fewer hand-
offs. In short, everything improves when lead time is reduced. Other participants 
asked if the cells need to be colocated. Mr. Ritchie said that was critical. Another 
participant asked what has the biggest impact on decreasing the total time, and 
Mr. Ritchie responded that the single biggest issue is changing the mind-set of the 
employees, primarily the leaders. 

DISCUSSION

Dr. Schafrik opened the discussion period by briefly summarizing each of the 
four talks from the workshop’s first day. He then pointed out that although the 
participants discussed how to define low volume, they did not come up with a good 
answer. He also noted that another driver in this area is part qualification, includ-
ing the requirements needed for qualification. He pointed out that the workshop 
discussion had been more focused on responding to the needs of variable demand 
than on the needs of low volume. One participant noted that design, qualification, 
and acceptance testing become much more critical as you move to smaller lot 
sizes. Another participant said that bargaining power is important as well; a small 
customer among many other larger ones will not get much attention, but a single 
buyer will get more attention, even if the lot size is small.

A participant brought up the issue of COTS and pointed out that the military 
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is dependent upon COTS supplier specs, which can change arbitrarily. Although 
Mr. Johnson had said when asked that he did not think military acquisition policy 
should change, in reality some participants thought that is what his talk was 
recommending—that the military should provide the specs.

Another participant noted that a common point of discussion was the combi-
nation of low volume and high mix; the associated variety and lack of repetition 
are the big drivers. Mix and repetitiveness are actually broader concerns and impact 
all manufacturing, not just low-volume manufacturing. A participant noted the 
need for competencies and for a multiskilled workforce that could handle variety 
as it arises. The multiskilled workforce is as important as the equipment needed 
to address high mix in a cost-effective, viable manner.

A participant noted that additive manufacturing (AM) has often been equated 
with low-volume manufacturing, but that is not necessarily true. AM is a tool with 
a niche in certain applications, but it is not the solution to low-volume issues. 
Another participant gave the example of hearing aids: The single largest commer-
cial application of AM, both in volume and in value, is hearing aid bodies. In this 
application, each practitioner supplies a laser profile file for each individual ear. 
Hearing-aid AM has not led to localized or diffuse production, however. Instead, 
large factories with many AM machines produce the parts. 

Dr. Schafrik noted that the control systems for production are another key 
factor in low-volume, high-mix production.

As an example, a participant noted that there are companies producing tens 
of thousands of individualized parts per day via additive manufacturing.3 This is 
certainly not low-volume AM, though it is high-mix AM.

EXPLOITING ADVANCED COMPUTATIONAL RESOURCES 
FOR COMPETITIVE LOW-VOLUME MANUFACTURING

Nayanee Gupta, Research Staff, Science and Technology Policy Institute

Dr. Gupta began her presentation by noting that most manufacturing jobs 
today are high-tech jobs. For a company to remain competitive in this type of en-
vironment, it must introduce new design and production processes that leverage 
computational resources. Modeling and simulation tools have shown a high rate 
of return on investment for products that require complex engineering and for 
industries that have lengthy design and product development cycle times. Dr. Gupta 
noted that the Council on Competitiveness asserts that the United States is lag-
ging behind other countries in the development of public-private partnerships to 

3Invisalign reportedly manufactures 50,000 custom, clear aligners for teeth per day using additive 
manufacturing processes.
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access high-performance computing as a shared resource. The European Union 
has developed a partnership (Partnership for Advanced Computing in Europe, or 
PRACE4) for sharing high-performance computing resources among small and 
medium-sized European manufacturers. Germany’s Automotive Simulation Center 
also has a collaboration program, SimTech,5 in automotive supply chain manufac-
turing. Dr. Schafrik pointed out that GE and many other aerospace companies have 
their own supercomputing facilities and do not depend on a national facility. He 
asked if the Council on Competitiveness study focused on smaller manufacturers. 
Dr. Gupta clarified that she was speaking about smaller manufacturers; the larger 
companies tend to have their own in-house resources to address modeling and 
simulation. She was characterizing low-volume manufacturers, typically small or 
mid-size companies. 

Dr. Gupta then defined and described low-volume manufacturing. Low-
volume manufacturing (LVM) is used for prototyping, for complex or customized 
products, and for high-mix, low-volume production. LVM typically needs short 
product development and prototyping times, and the incorporation of modeling 
and simulation could lower up-front costs. LVM must be flexible, so that multiple 
product designs can use the same tooling and equipment, and agile, so that process 
flow can switch among different product designs. Dr. Gupta then described how 
LVM can benefit from modeling and simulation: Science-based predictive simula-
tion replaces costly trial-and-error experimentation in the design and development 
of complex or custom products. Dr. Gupta said that modeling and simulation can 
potentially benefit LVM through very large cost reductions, shorter design cycle 
times, improved efficiency, and enhanced performance. She cited two studies that 
quantified return on investment, one in terms of reduced cost (Weatherington, 
2011), and one in terms of reduced development time (Littlefield, 2007).

Dr. Gupta explained that three elements are necessary for the adoption of 
modeling and simulation:

•	 Awareness of and access to simulation models, including technical knowledge 
for using the models. The application software must be at the right level 
of specialization. This is currently a problem in manufacturing. Although 
software packages exist for many classes of problems, they do not meet the 
specialized or tailored needs of complex manufacturing.

•	 Computing infrastructure and training. Currently, there is a lack of sufficient 
talent in these areas. Only the largest companies can assemble teams of ex-
perts with specialized knowledge of scientific and technical programming. 
High-performance computers and programming skills are needed.

4http://www.prace-ri.eu/. Accessed on September 30, 2013.
5http://www.simtech.uni-stuttgart.de/. Accessed on September 30, 2013.
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•	 Cost and expertise, including infrastructure, license, and trained person-
nel. Businesses would like to exploit the problem-solving power of high-
performance computing, but they find it too expensive. The cost of soft-
ware licenses can also be prohibitive for a smaller manufacturer.

Dr. Gupta then discussed the importance of simulation models in manufactur-
ing. She explained three types of simulation models:

•	 Physics-based research and development models. These models are broadly 
applicable across several industries and product types (flow models, mate-
rial property models, thermal models, and so forth.).

•	 Product and process models. These models use CAD and computer-aided 
engineering (CAE). They include integrated design and process models; 
tighter integration between design and process reduces the technology 
development cycle time.

•	 Full-scale manufacturing models (cost and process models).

Dr. Latiff asked about the model assumptions, such as macrostructure and material 
properties. Dr. Gupta responded that there is a succession of multiscale models. 
Material property models feed into device models, which feed into circuit models, 
and so forth. 

Dr. Gupta pointed out that a wide array of simulation models exist at univer-
sities and national laboratories. However, these models do not transition well to 
the private sector at the level of the small to mid-size manufacturer. The software 
requires an application software “wrapper” to solve a specific engineering problem. 
An example of this is finite-element analysis in collision analysis. There are several 
layers between the underlying finite-element model and the specific engineering 
problem. Fewer than half of manufacturers have the resources to access or use this 
software. Dr. Gupta then proposed open-source model development to facilitate 
access to a broader population of manufacturers. If this is done from the beginning 
of the model development, the user and developer community potentially could 
expand. A successful example to follow would be the National Weather Service 
model for hurricanes, WAVEWATCH III.6 This model is open source and actively 
enhanced by the research community.

Dr. Gupta then presented results from two different surveys showing that 
computing infrastructure is desired by the community. The National Center for 
Manufacturing Sciences reported that 75 percent of respondents believe there is 
a competitive value in advanced computational models but less than 50 percent 

6http://polar.ncep.noaa.gov/waves/index2.shtml. Accessed on September 30, 2013.
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said they had the expertise needed to use it.7 Similarly, a Council on Competitive-
ness survey of 77 companies using computers for prototyping and large-scale 
data modeling found that around 50 percent of the respondents were limited by 
computing capability.8 

Dr. Gupta then cited four different cost impediments to accessing high-
performance computing: 

•	 Hardware costs, though Dr. Gupta acknowledged these costs were continu-
ally decreasing.

•	 Maintenance costs, particularly the staff costs associated with having dedi-
cated, trained personnel.

•	 Software costs, which are more significant for smaller manufacturers.
•	 Technical costs such as porting across systems, scaling up to large-scale 

modeling on parallel systems, and integrating complementary software 
tools.

Dr. Gupta then outlined potential usage models to facilitate access to computing 
resources. She suggested developing a shared resource that would bundle hardware, 
software packages, and technical talent. She singled out the Ohio Supercomputing 
Center9 as an example of this usage model. She suggested that sharing resources 
in this manner would also be useful to aerospace and automotive manufacturers. 
Dr. Latiff asked how actively and how well these types of centers were currently 
being used. Dr. Gupta responded that, anecdotally, heavy machinery and tooling 
companies have provided extremely positive feedback, and they value being able 
to offload the responsibilities associated with maintaining their own computing 
facilities. The dedicated staff would be a burden to these companies. She said she 
could provide other examples if they were wanted.

To summarize her talk, Dr. Gupta provided three technology-related sugges-
tions to enhance access to high-performance computing:

•	 Better usage models for shared access to high-performance computing;
•	 Customized simulation tools for specific applications in different engineer-

ing communities; and
•	 Open-source, integrated, dynamic models. Federal agencies should take 

the lead on both developing and disseminating these models.

7National Center for Manufacturing Sciences, 2010, Modeling and Digital Simulation among U.S. 
Manufacturers: The Case for Digital Manufacturing, Intersect360 Research.

8Reflect: Council on Competitiveness and USC-ISI In-Depth Study of Technical Computing End 
Users and HPC is available at http://www.compete.org. Accessed on September 30, 2013.

9https://www.osc.edu/. Accessed on September 30, 2013.
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She ended her talk with four policy-related suggestions to facilitate access to high-
performance computing:

•	 Institutes such as the National Network of Manufacturing Institutes,10 
established to provide computation resources to small and mid-size 
manufacturers,

•	 More shared facilities on the model of the Ohio Supercomputing Center,
•	 Workforce training, and
•	 More analysis to determine the best way to introduce high-performance 

computing into the workflow.

Dr. Latiff opened the question-and-answer period by noting that other states 
fund regional centers like the one Dr. Gupta described in Ohio. He asked if the 
federal government supported the regional centers, or if federal agencies have 
created their own. Dr. Gupta replied that the national laboratories have shared 
resource facilities, particularly in the Department of Energy. There is a problem 
with awareness, and of connecting the right manufacturers with the right labora-
tory capabilities. Dr. Latiff pointed out that the manufacturers would need help 
and expertise, not just facilities. 

A participant asked if there was enough expertise and talent being developed 
through the U.S. university system to meet the demand for high-performance 
computing. Dr. Gupta said that was a difficult question to answer. There is some 
trained expertise, but probably not enough, as the needs are substantial. 

A participant noted that high-performance computing and simulation were 
not sufficient; manufacturers need equipment to ultimately test models. That re-
quires infrastructure, something that the U.S. government tends not to have. The 
participant noted that Norway has a good facility for metallurgy. Another partici-
pant noted that Canada has an outstanding computing facility for wood materials; 
the wood suppliers in Canada fostered its development. 

A workshop participant brought up the idea of validation and verification 
(V&V). He pointed out that a program exists in the DOD to replace very expensive 
shock trials with modeling and simulation. The first program to use the models 
would have to conduct the expensive testing anyway, to validate the models, and 
no program wants to bear this cost. Also, when a company brings in a new missile, 
DOD requires new V&V to ensure existing models apply to the new missile—so the 
modeling is not useful. How can this problem be overcome? Dr. Gupta responded 
that it is necessary to leverage similar work, looking across disciplines and collecting 
and analyzing as much data as possible. The solution should be found iteratively, 
rather than perfecting the answer for each specific application. The participant 

10http://manufacturing.gov/nnmi.html. Accessed on September 30, 2013.
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responded that, in industry best practices, each program is assigned an additional 
objective, which is to do something for the first time. DOD, however, does not 
have this culture.

Dr. Schafrik noted that the real gap is in software, not in access to high-perfor-
mance computing. Small companies may not have access to supercomputers, but 
their software was not written with parallel processors in mind anyway, so lack of 
access is not the hindrance. His company, GE Aviation, works with small suppliers 
to advise them which software to use and how best to employ it.

Another participant noted that there are other shared access models worth 
examining. For instance, the Manufacturing Extension Partnership11 is a success-
ful program in the manufacturing environment and has a presence in all 50 states.

Someone asked about the state-of-the-art in commercially available software. 
Dr. Gupta said that the answer depends upon the product or sector. There is no 
one software application that covers modeling from microstructure to the finished 
product. Most software in manufacturing is by necessity very specialized. No stan-
dardization has been performed in software and protocols.

The final question asked to compare the United States to the more success-
ful European nations. Dr. Gupta said that Germany has clusters in place, and the 
European Union has policy and planning programs to help with access to high-
performance computing.

UNFINISHED BUSINESS: THE 2002 NRC RECOMMENDATIONS ON 
INTEGRATING COMMERCIAL AND MILITARY MANUFACTURING

Michael McGrath, Vice President for Systems and Operations 
Analysis, Analytic Services, Inc. (ANSER)

Dr. McGrath focused his talk on the recommendations of the NRC study Equip-
ping Tomorrow’s Military Force: Integration of Commercial and Military Manufactur-
ing in 2010 and Beyond (NRC, 2002), which was sponsored by the Joint Defense 
Manufacturing Technology Panel. He pointed out that before the study began, the 
main concern in civil–military manufacturing integration was saving money. The 
2001 terrorist attacks occurred as this study was being conducted, and the main 
concerns in civil–military integrated manufacturing shifted to rapid response and 
technology superiority. In 2013, however, the focus of manufacturing integration 
in the United States has returned to saving money.

The report pointed out that there are opportunities at the system, subsystem, 
and component levels for using commercial technology in military systems. Op-
portunities increase as one moves down to the component level. It is rare that a 

11http://www.nist.gov/mep./ Accessed on September 30, 2013.
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commercial product could replace a military system. Dr. McGrath explained that 
the military acquisition spectrum tends to work at the two ends of the spectrum:  
purely military manufacturing or purely COTS. Figure 3 shows the opportunity 
space of integrating commercial and military manufacturing. The report focused 
on the middle portion of the figure, where dual-use manufacturing is utilized. 
Dr. McGrath provided four examples of such dual use:

•	 Example 1. The development of military products from commercial lines. This 
project was a joint Air Force ManTech/TRW project. This was an acquisi-
tion experiment in addition to being a technical experiment. The project 
involved parts for the F-22 and the RAH-66 (Comanche). It demonstrated 
military module manufacture on a high-quality commercial line; the use 
of commercial plastic parts and supplier systems to reduce cost; new 
contracting practices to access commercial suppliers; flexible computer-

FIGURE 3  Opportunity space for integrated commercial and military manufacturing. SOURCE: Pre-
sentation by Michael McGrath, ANSER. Slide no. 4. (from NRC. 2002. Equipping Tomorrow’s Military 
Force: Integration of Commercial and Military Manufacturing in 2010 and Beyond. Washington, D.C.: 
The National Academies Press, p. 24).
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integrated manufacturing; and the use of integrated product and process 
development (IPPD) management and integrated product teams (IPTs). 
Dr. McGrath indicated that the project worked well, and a 30-50 percent 
cost saving for electronics modules was expected. However, the F-22 went 
into substantial redesign and the RAH-66 was cancelled, so the parts never 
went into production. Nevertheless, the project demonstrated that military 
parts could be made in a commercial facility.

•	 Example 2. Integration of commercial and military manufacturing at Rockwell 
Collins. Rockwell Collins’s mixed military and commercial contract manu-
facturing within the same plant resulted in large savings. (Most contractors 
use separate plants for producing military and commercial parts.)

•	 Example 3. Northrop Grumman ALQ-135. A commercially produced elec-
tronic warfare subsystem was created, resulting in a 52 percent reduction 
in costs.

•	 Example 4. DARPA miniature air-launched decoy. The goal of this project 
was to see how far the use of commercial components could be taken. The 
flyaway cost was $30,000, and such unconventional items as soda vending 
machine parts, surfboard fabrication techniques, and cell phone compo-
nents were used in the manufacture. The decoy did not have the range and 
endurance required for Air Force use, however. Northrop Grumman rede-
signed the craft, and then the program was cancelled and then reconsti-
tuted. Raytheon developed a new decoy with a price more than quadruple 
the original Defense Advanced Research Projects Agency target. Raytheon 
is now outsourcing the electronics to commercial entities.

Dr. McGrath stated that the 2002 NRC report Equipping Tomorrow’s Military 
Force contained five primary findings:

•	 Defense system integrators have a pivotal role in integrated commercial 
and military manufacturing. They decide where to source the components, 
so their role is important.

•	 Demonstrations have shown that integration can be conducted successfully 
at the subsystem level.

•	 Commercial trends make integration more attractive. For instance, elec-
tronics and other systems are improving; commercial processes are becom-
ing digital and more flexible; and contract electronics manufacturing was a 
$70 billion per year industry at the time of this report (now, it is probably 
closer to $200 billion per year). 

•	 Long-standing barriers to integration exist. Onerous acquisition rules are 
not acceptable to commercial suppliers. Commercial item procurement is 
not applicable to Research and Development. Intellectual property rules 
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are unsettling and inconsistent to commercial suppliers. Acquisition cycle 
times are too slow in the military; by the time government is ready to pur-
chase a commercial part, the part often has been changed or is no longer 
available. Profit policies do not fit the commercial model and discourage 
outsourcing. DOD is not willing to share savings with industry. 

•	 DOD is not currently equipped to understand the commercial market-
place. Individual program managers cannot pioneer acquisition reform 
alone. Their training does not include anything related to the commercial 
market.

To address these findings, Dr. McGrath referred to six primary recommenda-
tions of the 2002 NRC report:

•	 Implement policies, incentives, and guidelines for integrating commercial 
and military manufacturing.

•	 Contract for life-support and technology refreshment.
•	 Establish a commercial acquisition academy at the Defense Acquisition 

University to augment training and education.
•	 Fund and execute rapid-response demonstration programs to build a 

broad ICMM experience base.
•	  Create mechanisms to increase awareness of future commercial technology 

and capabilities.
•	 Invest in research and development to increase the mutual compatibility of 

military operating environments and commercially produced components, 
to mitigate technical barriers.

Dr. McGrath then explained why he believes this report is still unfinished 
business. He noted that the recommendations were issued a decade ago, but the 
defense acquisition culture has not changed. He gave the example of an improvised 
explosive device (IED) jammer from 2005. This project was given high priority by 
then Defense Secretary Donald Rumsfeld, who asked for 10,000 units in 60 days. 
To enable this, the government held a 30-day competition. A commercial sup-
plier, M/A COM Technology Solutions, built 8,000 units in 60 days and viewed 
the project as “patriotic production.” There was no cost savings, but the response 
time was dramatically shorter than usual (traditional companies were quoting 
12 months or 8 months at best, whereas M/A COM was able to complete it in 
60 days). Related follow-on work went back to normal government procurement 
practices and was awarded to a traditional defense supplier. In another program 
after this, DOD was building a multifunctional radio frequency system, and it 
invited a dozen electronics manufacturing services (EMS) companies to brief it 
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on the project. Those companies explained that they could build a large fraction 
(say, 90 percent) of the components, but the system would need to be designed 
so as to allocate the commercial fraction on a separate board from the remaining 
10 percent. If everything was integrated at the subsystem level, the EMS companies 
could not be involved because their separately produced components could not be 
incorporated. A traditional defense supplier was selected as the systems integrator, 
however, and no EMS companies were part of the program. The lesson learned 
was that use of commercial suppliers needs to be considered by the defense prime 
during systems engineering.

Dr. McGrath summarized by saying there may be technical issues, such as the 
need for trusted components, but in general technical issues are not the main prob-
lem. The main problem has to do with the acquisition process. He suggested this 
initiative could be tied to DOD’s Better Buying Power 2.0 program. He concluded 
by asking the group for ways to make constructive progress on ICMM in this era, 
since we cannot afford to continue to do what we are doing now.

Dr. Latiff began the question-and-answer period by suggesting that the 2002 
NRC study should be revisited in depth to learn what has worked and what the 
impediments are. Another participant pointed out that contract manufacturing 
has changed and is already changing again. The relative competencies and quality 
of companies in countries around the world have shifted dramatically in the last 
10 years.

Another participant was taken with the concept of the F-16 decoy assembled 
from commercial parts. He wondered what else in our inventory could be made 
in such a way. This could be a strategic issue, whereby cost would be a significant 
advantage. Another participant suggested that this may be another example of 
the United States “over-engineering” problems. He said this could be exemplified 
by comparing the very expensive technology for human spaceflight produced by 
the United States to the much less expensive, “thrown together” model used by 
the U.S.S.R—yet both systems flew successfully. Another participant described a 
study on innovation in the military field. In this study, Marines needed to create a 
water system and did so by taking commercial parts and putting them together in 
novel ways to solve the problem. Integration happens in the field to solve critical 
problems; however, this does not cycle back to any formal design.

A participant gave two examples of current DOD projects that include COTS. 
The XM29 Punisher system is a COTS turnkey solution. Also, the Navy radar pro-
gram for DDG-1000 is a COTS-based solution. These programs show that there 
is some desire to save money in DOD by moving to the commercial sector. The 
network integration evaluation (NIE) receives user input on early prototypes and 
is including COTS in its prototypes. 
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TURN DOWN THE VOLUME:  
DESIGN FOR LOW-VOLUME MANUFACTURING

Eric Schneider, Mechanical Engineer, Key Tech

Mr. Schneider began his presentation by describing his organization. Key Tech12 
is a product development firm based in Baltimore having three main markets: 
medical (its primary market), industrial (such as electromechanical devices and 
R&D instruments), and consumer devices (such as hand tools). He showed a typical 
product timeline, from concept to prototype to handing over for manufacture. He 
noted that Key Tech works on prototypes but is not a manufacturing firm per se. 
He explained that the duration of the entire process varies from project to proj-
ect. For example, a blood meter took about 2 years from concept to completion, 
including testing. 

Mr. Schneider provided a case study example: a neural drug device delivery 
system that provides a precise injection dose during a neurosurgery procedure. 
This device was the case study in an article he authored in 2010 (Schneider, 2010). 
Key Tech was responsible for the development process from R&D through Food 
and Drug Administration approval. Key Tech then teamed with a contract manu-
facturer for preliminary builds and producing the final product. The preliminary 
build lot size was the 10-20 units needed for clinical trial verification. The lot size 
in final production would be fewer than 100 units per year. Mr. Schneider then 
described some of the challenges associated with the development of this system:

•	 Display and interface. Key Tech could not justify an expensive off-the-
shelf iPad-like display and instead developed a monochrome liquid crystal 
display. 

•	 Protective window and enclosure fabrication. The product needs a protective 
window. It would normally be manufactured via injection molding in a 
large-scale production facility, but injection molding would be cost pro-
hibitive in low volumes. Key Tech then moved to a variation of thermoform 
molding as the alternative mode of manufacture. This was also true for the 
enclosure fabrication. Dr. Latiff asked about using additive manufacturing 
to develop the injection molding tooling, but Mr. Schneider responded 
that Key Tech has been unable to find a company willing to do this on a 
commercial scale. Another participant noted that the Army’s Edgewood 
Chemical Biological Center is using metal laser sintering technology to 
create mold inserts for injection-molded parts.

•	 Software/firmware. All code must comply with the IEC 62304 international 

12http://www.keytechinc.com/. Accessed on September 30, 2013.
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standard for medical device software. Mr. Schneider noted that software 
development is inherently manpower-intensive. To reduce software costs, 
the development time must be reduced. Mr. Schneider noted that Key Tech 
could use an off-the-shelf operating system, but then the operating system 
must be validated in its entirety.

•	 Managing customer expectations. Customers now expect an iPad-like inter-
face, and they had to be convinced of the utility of a simpler, less expensive 
interface.

•	 Contractors. It is difficult to find contract manufacturers to build only 10-
20 units for the preliminary build.

•	 Syringe pump (a.k.a. syringe driver) sourcing. It can be difficult to find 
COTS parts that will work for the life cycle of the product; if the COTS 
company changes its component design, it can be difficult to find legacy 
parts.

A participant pointed out that the risk and durability requirements for a 
medical device are very sensitive and asked how the required robustness could 
be built in when designing for low-volume production. Mr. Schneider responded 
that robustness is addressed via compliance with all standards, both hardware and 
software. Key Tech was responsible for developing protocols to meet the required 
standards. The FDA review has a risk analysis component in place.

Another participant asked Mr. Schneider to explain the medical device in 
the case study in more detail. Mr. Schneider explained that the enclosure holds a 
syringe driver that controls the movement of the plunger of a precision syringe. 
The plunger is moved to deliver precise amounts of a drug on demand during a 
neurosurgical procedure. The plunger fits into a holder that is driven by an off-the-
shelf syringe driver. The syringe driver has a high-precision lead screw to move the 
plunger back and forth. Accuracy is so critical in this application that a second, re-
dundant system was built in to shut down in the event that the measurements show 
the syringe pump is inaccurate. The syringe pump itself is fairly large, taking up 
much of the size of the unit. It is possible to make that pump smaller if it is custom 
designed, but it is not as cost effective in low volumes to custom-design a pump.

A participant asked if the operating system must be validated each time software 
is developed or modified, and pointed out that this seems redundant. Mr. Schneider 
said that from his understanding, yes—every time a change is made to the software, 
revalidation is necessary.

Another participant asked what Key Tech gives to the manufacturer for 
production—whether it is an entire digital data set or something else—and how 
easy it is for the manufacturer to move forward with that information package. 
Mr. Schneider responded that there is a lot of work associated with programming 
the microcontrollers. Key Tech does provide digital drawings, including 3D models 
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and 2D drawings. Key Tech also provides design descriptions per FDA requirements 
that list the design basis and justification.

Another participant asked if the device is reusable, and who the customer is. 
Mr. Schneider responded that the syringe and tubing set are disposable, but the 
rest of the device is reusable. The device is sold to surgeons or hospitals. Each dose 
of the drug costs several thousand dollars. 

A participant asked if the recertification would be necessary if any changes are 
made to production. Mr. Schneider said recertification would be needed for FDA 
(IEC 60601) safety testing, but possibly not for clinical trials if it could be docu-
mented that the changes would not have an effect on the results. The participant 
noted that, because of this, manufacturing partners should likely be brought into 
the project prior to FDA testing. Mr. Schneider agreed that the manufacturer should 
be brought in early, though sometimes it has not been identified before FDA testing.

Dr. Latiff pointed out that there are likely differences between the tightly con-
trolled design processes in the development of medical devices and the processes 
for products that do not have such stringent controls. Mr. Schneider agreed that it is 
much easier to design for other, nonmedical communities. However, anytime a de-
sign is transferred to a contract manufacturer, it is necessary to provide a significant 
amount of detail. In a consumer product, those details are not quite so onerous.

Dr. Latiff also asked if Key Tech had made use of any manufacturing hubs such 
as fab labs or makerspaces. Mr. Schneider said no, the company prefers to meet 
each need via a conventional manufacturing company. 

Mr. Schneider then addressed what could be done to reduce the time and costs 
to produce tooling for injection molding. He said that at certain manufacturers 
molds can be made in about a week for a few thousand dollars, much less than in 
the past.13 He said that there are two primary ways for costs to continue to decrease:

•	 Use generic components. Mr. Schneider said it is best to start with standard 
molds and designs and modify them accordingly. One can trade feature 
flexibility against cost and time savings. He pointed out that it would be 
helpful to increase communication between the molders and the designers.

•	 Increase automation. Mr. Schneider suggested using software-generated 
quoting and mold designs, increasing the use of data-driven 3D models, 
and automating the mold manufacturing process.

Mr. Schneider was asked about his definition of low-volume production. He 
responded that when nonrecurring engineering (NRE) costs become a large por-

13A company such as Protomold makes high-quality prototypes, and it can tool parts in a few days 
for a relatively low cost. Foreign companies such as Model Solution, a Korean company, may even 
be better and cheaper.
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tion of the overall product cost, he knows he is in the low-volume regime. He said 
that another criterion for defining the low-volume manufacturing regime is when 
a standard manufacturer is unwilling to partner with his company, Key Tech, to 
make a product because it would not be economically feasible for the manufacturer 
to do so. 

Mr. Schneider then addressed the future of low-volume manufacturing. He 
listed three areas of opportunity:

•	 Rapid prototyping. The materials used in rapid prototyping are improving, 
and costs are decreasing. He gave the example of a material now used to 
prototype optics with significantly better properties than past materials. 
Additive manufacturing is one method of rapid prototyping.

•	 High-complexity, high-mix manufacturing. High-complexity, high-mix 
manufacturing is becoming more affordable. Transitioning more infor-
mation to 3D models and using automation is helping to usher in this 
transition. 

•	 Mass customization for commercial markets. One can take low-volume prin-
ciples to tweak an item that comes off the line of a high-volume process. 
This allows for a wider variety of products at a lower cost. Another par-
ticipant noted that the European car industry has been able to do this type 
of mass customization: Custom-built cars can come from a high-volume 
production site.

Mr. Schneider explained that Key Tech has two methods of development. In 
one method, they are a fee-for-service company. In the other, they design a product 
themselves and then look for a buyer. He was asked if Key Tech has government 
clients, and he said not directly, but that Key Tech has subcontracted with other 
companies for biodefense/aerosol pathogen detection products for government 
agencies. A DOD participant noted that industry seems to be moving away from 
using annotated 2D drawings or even 3D renderings and instead is using the part 
itself. He said that DOD is wrestling with how to move forward without needing 
annotated 2D drawings. Low-volume manufacturing state of the art has so much 
information in the 3D tech data package that it may be simpler and cheaper to use 
the part rather than the data package. Mr. Schneider did point out that the FDA or 
other certification body may not accept the product for testing without the tech 
data package.

WORKSHOP FINAL DISCUSSION

A participant noted that NASA is a one-off agency, and designing and manu-
facturing for space is a low-volume manufacturing environment. He suggested 
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there might be lessons to be learned from NASA. One participant pointed out that 
manufacturing for NASA is very expensive, and contrasted its expenses to the lesser 
expenses associated with a company such as SpaceX.14 Another participant noted, 
however, that NASA had to exist before SpaceX could function as a company. The 
organization at the leading edge of a field or endeavor has to bear extra costs.

Another participant said that DOD frequently is a low-volume manufacturer 
because there is no commercial analog or commercial need driving the applica-
tion. Portable power is an example of this. The military has unique needs in por-
table power; military systems tend to operate at higher power and cannot always 
recharge. There is no real commercial need in this area, so all development and 
manufacturing costs must be borne by DOD.

Dr. Schafrik noted that, at first, additive manufacturing or other alternative 
manufacturing methods will likely cost 10 times as much as conventional manu-
facturing. In time, that ratio can drop to 1.5 or 2. So while the expenses do drop 
over time, they do not typically match the costs of conventional manufacturing. 
For alternative manufacturing to be a viable business model, a value case must be 
made for it. 

One participant noted that there are many ways to make low-volume produc-
tion easier, such as using advanced data packages and simulations. He pointed 
out, however, that there are policy impediments as well. Dr. Ritchie said that it 
is important for companies to learn to manage policy-related issues. Another 
participant pointed out the example of IBM, which originally had problems with 
changing policy regulations that shut down its operations. IBM made an effort to 
understand what was coming in the policy world (such as upcoming regulatory 
reviews), so that the company could better anticipate policy changes rather than 
reacting to their consequences.

Another participant asked about follow-up to the workshop. Dr. Latiff ex-
plained that there will be a publication with no recommendations. The workshop 
concluded with a discussion of possible topics for future workshops. 

14http://www.spacex.com/. Accessed on September 30, 2013.
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A
Workshop Statement of Task

An ad hoc committee will convene a 2-day public workshop to discuss future 
advances in limited affordable low-volume manufacturing, including, but not 
limited to topics such as (1) additive manufacturing; ( 2) the use of commercial 
off-the-shelf items; (3) commercial manufacturing services; and (4) short produc-
tion runs in the United States. The committee will also consider additional topics 
close to and in line with the four mentioned above when developing the workshop 
agenda and selecting and inviting speakers and discussants. The workshop will use 
a mix of individual presentations, panels, and question-and-answer sessions to de-
velop an understanding of the relevant issues. Key stakeholders would be identified 
and invited to participate. Approximately 8-10 speakers will make presentations. 
An individually authored workshop summary document will be prepared by a 
designated rapporteur.
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A. Galip Ulsoy
University of Michigan

Haydn N.G. Wadley
University of Virginia

WORKSHOP SPEAKERS

Kenan Jarboe
Athena Alliance

David H. Johnson
Wright Patterson Air Force Base

Nayanee Gupta
Institute of Defense Analyses/Science 

and Technology Policy Institute

William Ritchie
Tempus Institute

Eric Schneider
Key Tech

DMMI STANDING AND PLANNING 
COMMITTEE MEMBERS

Robert H. Latiff, Chair
R. Latiff Associates

Robert E. Schafrik, Vice-Chair
GE Aviation

Valerie Browning 
ValTech Solutions, LLC

Jesus M. de la Garza
Virginia Polytechnic Institute

Rosario Gerhardt
Georgia Institute of Technology

Michael F. McGrath
Analytic Services, Inc.

E. Sarah Slaughter
Built Environment Coalition 
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OTHER ATTENDEES

Amit Bagchi
Naval Research Laboratory

Ernest Chin
Army Research Laboratory 

George Chiu
National Science Foundation

Julie Christodoulou
Office of Naval Research

Paul Collopy
National Science Foundation

Jeff DePriest
Defense Threat Reduction Agency

Michael Dunn
Office of Manufacturing and Industrial 

Base Policy

William Hong
Institute for Defense Analyses

Warren Johnson
Universal Technology Corporation

Matt Kirleis
U.S. Navy

Scott Matthews
U.S. Navy

Heather Meeks
Defense Threat Reduction Agency

Adele Ratcliff
Manufacturing Technology, Inc.

Devanand Shenoy
U.S. Department of Energy

Lewis Sloter
Office of the Assistant Secretary 

of Defense for Research and 
Engineering

Don Szczur
Universal Solutions International, Inc.

Ralph Wachter
National Science Foundation

Jennifer Wolk
Office of Naval Research

Jeff Zabinski
Army Research Laboratory

WORKSHOP STAFF

Dennis Chamot
Acting Director
National Materials and Manufacturing 

Board

Maureen Mellody
Rapporteur

Joe Palmer
Senior Project Assistant
National Materials and Manufacturing 

Board

Erik Svedberg
Senior Program Officer
National Materials and Manufacturing 

Board
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Workshop Agenda

THURSDAY, AUGUST 1, 2013

8:00 a.m.	 Closed Session Discussion

9:30 	 Welcome and Introductions
		  Robert Latiff, Workshop Chair

10:20 	 Break

10:40	 Open Discussion on Current Reliance Areas of Interest

12:00 p.m.	 Lunch

1:00 	 Additive Manufacturing as a Disruptive Technology
		  Speaker: Kenan Jarboe, President, Athena Alliance

1:20 	 Q&A

1:40 	 Low-Volume Manufacturing Operation Using Additive Processes
		�  Speaker: Dale Carlson, General Manager for Technology 

Strategy, GE Aviation 

2:00 	 Q&A
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2:20 	� Design and Development of Electronics as Controllable, Well-
Controlled Processes

		�  Speaker: David H. Johnson, Senior Electronics Failure 
Analyst, Wright Patterson Air  Force Base

2:40 	 Q&A

3:00 	 Break

3:20 	 Reducing Total Lead Time with Quick Response Manufacturing	
		  Speaker: Bill Ritchie, President, Tempus Institute

3:40 	 Q&A

4:00 	 Discussion

4:40 	 Adjourn

FRIDAY, AUGUST 2, 2013

8:30 a.m.	 Welcome, What We Heard Yesterday
		  Robert Schafrik, Workshop Vice-Chair

9:00 	� Exploiting Advanced Computational Resources for Competitive 
Low-Volume Manufacturing

		  Speaker: Nayanee Gupta, Research Staff, STPI

9:20 	 Q&A

9:40 	� Unfinished Business: The 2002 NRC Recommendation on 
Integrating Commercial and Military Manufacturing

		�  Speaker: Michael McGrath, Vice President for Systems and 
Operations Analysis, ANSER

10:00 	 Q&A

10:20 	 Break

10:40 	 How to Turn Down the Volume
		  Speaker: Eric Schneider, Mechanical Engineer, Key Tech
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11:00 	 Q&A

11:20 	 Discussion

12:00 p.m.	 Lunch

1:00 	 Wrap-up of Workshop
		  Robert Schafrik, Workshop Vice-Chair

2:00 	 Adjourn Workshop
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Acronyms

AM	 additive manufacturing

CAD	 computer-aided design
CAE	 computer-aided engineering
COTS 	 commercial off-the-shelf

DARPA	 Defense Advanced Research Projects Agency
DDM	 direct digital manufacturing
DMLS	 direct metal laser sintering
DMMI	 Standing Committee on Defense Materials, Manufacturing, and 

Infrastructure 
DOD	 U.S. Department of Defense

EMS	 Electronics Manufacturing Services

FAA	 Federal Aviation Administration
FDA	 Food and Drug Administration

GDP	 gross domestic product
GE	 General Electric

HIP	 hot isostatic pressing
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ICME	 integrated computational materials for engineering
IED	 improvised explosive device
ITAR	 International Traffic in Arms Regulations

LVM 	 low-volume manufacturing

MEP	 Manufacturing Extension Partnership

NASA	 National Aeronautics and Space Administration
NMMB	 National Materials and Manufacturing Board
NRC	 National Research Council
NRE	 nonrecurring engineering

OEM	 original equipment manufacturer

PRACE	 Partnership for Advanced Computing in Europe

R&D	 research and development

S&T	 science and technology

V&V	 validation and verification
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