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Executive Summary

Introduction

Over the past few decades, manufacturing has evolved from a more labor-intensive
set of mechanical processes (traditional manufacturing) to a sophisticated set of
information-technology-based processes (advanced manufacturing). Given these changes
in advanced manufacturing, the National Intelligence Manager for Science and
Technology in the Office of the Director of National Intelligence asked the Institute for
Defense Analyses to identify emerging global trends in advanced manufacturing and to
propose scenarios for advanced manufacturing 10 and 20 years in the future.

The study team sought to answer the following questions:

e What are converging trends in advanced manufacturing across technology
areas?

e What are emerging trends in advanced manufacturing in specific technology
areas?

e What are enabling factors that affect success in creating advanced
manufacturing products, processes, and enterprises?

e What are future scenarios across advanced manufacturing sectors in the
technology areas of semiconductors, advanced materials, additive
manufacturing, and synthetic biology?

Methodology

The team gathered information through an extensive review of the literature and
interviews with almost 90 industry, academic, and government experts recognized as
leaders in their fields, known for undertaking transformative research, or with
international knowledge and experience.

To illustrate how the landscape of advanced manufacturing might change over the
next 20 years, we chose four technology areas for in-depth examination: semiconductors,
advanced materials (with a focus on integrated computational materials engineering),
additive manufacturing, and biomanufacturing (with a focus on synthetic biology). We
selected these areas because they collectively represent broad trends in manufacturing
such as mass customization; they can act as platforms upon which other technologies or
processes can be built; they are critical to national security; they are influenced by



enabling factors such as intellectual-property rights and protections, regulations,
immigration policies, and education quality; and they enjoy a high level of research and
development investment in major manufacturing countries.

These four areas have the potential to fundamentally change manufacturing in the
next 20 years. Semiconductors and advanced materials are mature technology areas; the
last two are emerging technologies, with less certain, but dramatic potential to change
future manufacturing.

Converging Trends

The experts we consulted from academia, government, and industry identified five
large-scale trends that have been instrumental in the shift from traditional labor-intensive
processes to advanced-technology-based processes. They are: (1) the ubiquitous role of
information technology, (2) the reliance on modeling and simulation in the manufacturing
process, (3) the acceleration of innovation in global supply-chain management, (4) the
move toward rapid changeability of manufacturing in response to customer needs and
external impediments, and (5) the acceptance and support of sustainable manufacturing.
Together, these form an enterprise-level concept of advanced manufacturing where
advances in manufacturing occur through tighter integration of R&D and production,
mass customization, increased automation, and a focus on the environment without
increasing costs or sacrificing performance.

Emerging Trends

Among the mature technology areas, two trends are emerging. First, because
semiconductors are the cornerstone of the global information technology economy,
multiple areas of research are underway, including the continued linear scaling of silicon-
based integrated circuits, increased diversification of materials and approaches to
building these circuits, and designing completely novel computing devices. The high risk
of these approaches is resulting in many manufacturing supply-chain operations
relocating to areas like Southeast Asia, where governments and/or companies are willing
to accept such risk, with the consequence that U.S. and other nations’ defense and
consumer electronic goods may become more susceptible to tampering and
counterfeiting.

Second, advanced materials have internal structures with superior properties that
facilitate transformative changes in manufactured products. One area with enormous
potential for accelerating the insertion of materials into products is integrated
computational materials engineering, which uses a systems approach that can reduce
costs and schedules and provide technical benefits.



Two trends are also emerging for the less mature technology areas. First, additive
manufacturing (which encompasses a variety of techniques for building solid parts by
adding materials in layers) has the potential to change how future products are designed,
sold, and delivered to customers, making mass customization and easy design changes
possible. Two main types of additive manufacturing machines are emerging: consumer-
level machines aimed at home use and industrial machines aimed at rapid prototyping
and direct production of parts. Second, synthetic biology has the potential to manufacture
biological substances from radically engineered biological systems for novel purposes.
Synthetic biology, specifically biomanufacturing, could reframe common conceptions of
advanced manufacturing.

Enabling Factors

The growth of advanced manufacturing within particular countries depends on
factors that a country’s government can influence, such as infrastructure quality, labor
skills, and a stable business environment, and factors that it cannot, such as trends in
private-sector markets. The size of the market and growth potential are the primary
reasons why companies choose to locate in a particular country or countries.

Future Scenarios

Our research into advanced manufacturing points to an increasingly automated
world that will continue to rely less on labor-intensive mechanical processes and more on
sophisticated information-technology-intensive processes. This trend will likely
accelerate as advances in manufacturing are implemented.

Over the next 10 years, advanced manufacturing will become increasingly globally
linked as automation and digital supply-chain management become the norm across
enterprise systems. This trend will be enabled by adaptive sensor networks that allow
intelligent feedback to inform rapid analyses and decision-making.

Countries and companies that invest in cyber and related physical infrastructure will
be positioned to lead by exploiting the resulting increased flow of information. The
underlying expansion in computing and sensing capabilities will, in turn, enhance the
importance of semiconductors beyond today’s computing and information technology
sectors.

Advanced manufacturing processes will likely be more energy and resource
efficient in the future, as companies strive to integrate sustainable manufacturing
techniques into their business practices to reduce costs, to decrease supply-chain risks,
and to enhance product appeal to some customers.

From a technological standpoint, advances in materials and systems design will
likely accelerate and transform manufactured products. For example, large global



investments in grapheme and carbon nanotubes for nanoscale applications have the
potential to fundamentally change electronics and renewable-energy applications.
Further, self-assembly-based fabrication processes and biologically inspired designs will
be integrated into the manufacturing process as technologies advance and cost-effective
implementations are realized.

Establishing an advanced manufacturing sector will continue to be a priority for
many countries, with progress depending importantly on trends in the private sector, such
as the size and growth of the market.

In 20 years, many of the early trends and techniques that begin to emerge at 10
years are expected to be more fully adopted, with advanced manufacturing pushed toward
new frontiers. Manufacturing innovations will have displaced many of today’s traditional
manufacturing processes, replacing labor-intensive manufacturing processes with
automated processes that rely on sensors, robots, and condition-based systems to reduce
the need for human interventions, while providing data and information for process
oversight and improvement.

Advanced manufacturing will increasingly rely on new processes that enable
flexibility, such as biologically inspired nanoscale-fabrication processes and faster
additive manufacturing techniques capable of assembling products by area or by volume
rather than by layering materials as is done today.

Over the next 20 years, manufacturers will also increasingly use advanced and
custom-designed materials, developed using improved computational methods and
accelerated experimental techniques. As computational capabilities increase, materials
designs, processing, and product engineering will become more efficient, reducing the
time from product concept to production

In 20 years, synthetic biology could change the manufacturing of biological
products. Coupled with advances in genomics, proteomics, systems biology, and genetic
engineering, synthetic biology will offer a toolbox of standardized genetic parts that can
be used in the design and production of a new system. The catalyst to new products will
be increased understanding of cellular functions and disease models.

Summary

This study identified emerging trends in a global economy of advanced
manufacturing. Over the next 10 years, advances in manufacturing will likely become
increasingly networked. In 20 years, manufacturing is expected to advance to new
frontiers, resulting in an increasingly automated and data-intensive manufacturing sector
that will likely replace traditional manufacturing as we know it today. An advanced
workforce will be needed to develop and maintain these advances in manufacturing.

Vi
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1. Introduction

A. Background

The National Intelligence Manager for Science and Technology in the Office of the
Director of National Intelligence asked the Institute for Defense Analyses to identify
emerging global trends in advanced manufacturing and to propose scenarios for advanced
manufacturing 10 and 20 years in the future.

In this report, we use a range of scenarios that take place over 20 years for four
technology areas—semiconductors, advanced materials (with a focus on integrated
computational materials engineering), additive manufacturing, and biomanufacturing
(with a focus on synthetic biology).

The study team found that the United States is strong on most fronts—from
investments in manufacturing research and development (R&D) to development of
advanced manufacturing products, processes, systems, and enterprises—but because
other countries’ growth rates exceeds U.S. growth, in 20 to 30 years, the differences will
be smaller.

In the United States, almost three-fourths of R&D is in the manufacturing sector,
which is one reason many cite the need for a vibrant manufacturing sector (Tassey 2010).
The concern is that a reduction in manufacturing would adversely affect the size and
efficiency of the U.S. innovation infrastructure, of which advanced manufacturing is a part.

R&D spending (referred to

Definition: Gross Domestic Expenditure on as  GERD—see S_Idebar)’ Its
Research and Development (GERD) growth rate, and its level of

Expenditures for research and development are Intensity (as a  percentage of
current and capital expenditures (both public and private) gross domestic product) are
on creative work undertaken systematically to increase indicators of the relative
knowledge, including knowledge of humanity, culture, and .
society, and the use of knowledge for new applications. Importance a country places on
R&D covers basic research, applied research, and research and development. These

experimental development. measures,  individually  and
Source: United Nations Educational, Scientific, and Cultural combined, show that some

Organization (UNESCO) Institute for Statistics. . .
http://data.worldbank.org/indicator/GB.XPD.RSDV.GD.ZS. countries have hlgher gl’F)Wth
rates and others have higher

levels of R&D intensity. Figure 1
plots the level of total R&D spending (the size of the circles), the growth rate (y-axis),




and the intensity (x-axis). The figure indicates that Sweden, Israel, South Korea, and
Japan allocate a larger share of their GDP to R&D than the United States allocates; the
growth rates for R&D in China, South Korea, and Israel (and other countries) are also
higher than in the United States. The bottom line is that the United States invests the most
in R&D (size of the circle), and China has the largest growth rate in R&D (y-axis). In
this report we examine these metrics as predictors of advanced manufacturing strength.

25%
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Note: Gross domestic expenditure on research and development (GERD) growth rates by R&D intensity
(R&D/GDP) by 2007 R&D purchasing power parity dollars (diameter of circle) (2005 constant dollars).

Figure 1. The United States invests the most in R&D (in absolute dollars),
but the growth rate for China is highest.

B. Methods and Study Questions

For this study, we reviewed the literature and interviewed almost 90 industry,
academic, and government experts recognized as leaders in their fields, known for
undertaking transformative research, or with international knowledge and experience. See
Appendix A for a list of the experts we interviewed.

We first defined “advanced manufacturing” (see the next section for details) and
conducted a review of global trends based on government investment in manufacturing-
related research. We chose four technology areas to examine in depth—semiconductors,
advanced materials (with a focus on integrated computational materials engineering),



additive manufacturing, and biomanufacturing (with a focus on synthetic biology). For
each technology area, we reviewed investments and policies of selected countries, trends,
and barriers to adoption. We selected these areas based on a review of the literature,
discussion with experts, and a set of criteria discussed in Chapter 3. We also examined
factors that enable advanced manufacturing. Based on these activities, we created future
scenarios for advanced manufacturing over 20 years. Our methodology is described in
more detail within each chapter.

In our review of the literature and interviews with experts, we sought to answer
these questions across the following areas:

e What are converging trends in advanced manufacturing?
— What are common trends that apply across technology areas?

e What are emerging trends in advanced manufacturing in specific technology
areas?

— What are broad areas of investment by country or region?

— What is the current state of two enabling technologies (semiconductors and
advanced materials) and two technologies with a less certain but dramatic
potential to change manufacturing (additive manufacturing and synthetic
biology)?

— What are global developments in these four technology areas? Are there
technology-specific concerns that need to be addressed, from a national
security perspective?

— What advances in science and policies are needed to accelerate changes in
these four technology areas to spur changes in advanced manufacturing?

e What are enabling factors that affect success in creating advanced
manufacturing products, processes, and enterprises?

— What factors affect where a firm decides to locate?

— What are the advanced manufacturing investments of other countries of
interest?

— What policies are other countries implementing to ensure that they become
preeminent in advanced manufacturing?

e What are future scenarios for advanced manufacturing?



C. Defining Advanced Manufacturing

Our definition of advanced manufacturing (see sidebar) is intentionally broad in an
attempt to capture all aspects of the topic. Our definition does not differentiate between
traditional and high-technology sectors because new production processes and materials
can also transform traditional industries such as the automotive sector. This definition is
based on a synthesis of definitions from peer-reviewed literature and industry press
published from 1990 to 2011 (Kotha and Swamidass 2000; Rahman 2008; Sun 2000;
Park 2000; Boyer, Ward, and Leong 1996; Noori 1990). See Appendix B for a

compilation of definitions from the literature.

Definition: Advanced Manufacturing

Advanced manufacturing improves existing
or creates entirely new materials, products, and
processes via the use of science, engineering,
and information technologies; high-precision
tools and methods; a high-performance
workforce; and innovative business or
organizational models.

Typical characteristics of advanced
manufacturing are illustrated in the following
descriptions:

e An advanced manufacturing production
system is capable of furnishing a mix of
products in small or large volumes, with
both the efficiency of mass production
and the flexibility of custom
manufacturing, to respond rapidly to
customer demand and desired quality.

e Advanced manufacturing results from
substantive advancements (whether
incremental or breakthrough) over the
current state of art in the production of
materials and products; these
advancements include improvements in
manufacturing processes and systems,
which are often spurred by
breakthroughs in basic science and
engineering disciplines. These new
systems, which are often referred to as
“intelligent” or “smart” manufacturing
systems, integrate computational
predictability and operational efficiency.

e Advanced manufacturing produces
goods that minimize use of resources
while maintaining or improving cost and
performance.

As the framework depicted in Figure 2
illustrates, advanced manufacturing
involves one or more of the following
elements:

e Advanced products—Advanced
products refer to technologically complex
products, new materials, products with
highly sophisticated designs, and other
innovative products (Zhou et al. 2009;
Rahman 2008).

e Advanced processes and
technologies—Advanced manufacturing
may incorporate a new way of
accomplishing the “how to” of production,
where the focus is creating advanced
processes and technologies.

Smart manufacturing and enterprise
concepts—In recent years, manufacturing
has been conceptualized as a system that
goes beyond the factory floor, and
paradigms of “manufacturing as an
ecosystem” have emerged. The term
“smart” encompasses enterprises that create
and use data and information throughout
the product life cycle with the goal of
creating flexible manufacturing processes
that respond rapidly to changes in demand
at low cost to the firm without damage to



the environment. The concept necessitates a life-cycle view, where products are
designed for efficient production and recyclability.

e Advances in science and technology and the convergence of these technologies
are a critical building block of advanced manufacturing. The framework
therefore highlights the role of breakthroughs in physics, chemistry, materials
science, and biology, as well as the convergence of these disciplines, as the
drivers for advanced manufacturing. Advances in computational modeling and
prediction, in conjunction with exponential increases in computation power, also
aid this effort. However, we do not assume that advances in manufacturing are
solely driven by breakthroughs. Because substantive, incremental advances can
lead to as much innovation in manufacturing as breakthrough advances, break-
through innovation is not a prerequisite for change that improves the society
and economy (Breznitz and Murphee 2011).

VC/Other
Capital

Government

Investments Advanced

Products

High Performance STEM Education

Workforce

IP Regime Immigration Policies

Cultural Factors Advances in S&T Industry Standards

Regulations Convergence of Demographics
Technologies

Smart Manufacturing Advanced Processes

and Enterprise and Technologies
Concepts

Framework Conditions

Figure 2. Advanced manufacturing is a multifaceted concept.

There is increasing convergence between manufacturing and services. With
manufacturers integrating new “smart” service business models enabled through
embedded software, wireless connectivity, and online services, there is now less of a
distinction between the two sectors than before. Customers are demanding connected
product “experiences” rather than just a product, and service companies such as
Amazon have entered the realm of manufacturing (with its Kindle electronic reader).



Advanced processes and production technologies are often needed to produce
advanced products and vice versa (Wang 2007). For example, “growing” an integrated
circuit or a biomedical sensor requires advanced functionality and complexity, which
requires new approaches to manufacturing at the micro scale and the nano scale
(Parviz 2007). Similarly, simulation tools can be used not only for making production
processes more efficient, but also for addressing model life-cycle issues for
green manufacturing.

Key framework conditions that set the stage for advances in manufacturing
include government investments, availability of a high-performance workforce,
intellectual property (IP) regimes (national patent systems), cultural factors, and
regulations (Zhou et al. 2009; Kessler, Mittlestadt, and Russell 2007). Also critical to
manufacturing are capital, especially early stage venture capital (VC); a workforce
knowledgeable in science, technology, engineering, and mathematics (STEM)
disciplines; immigration policies; and industry standards. Demographics play a role:
emerging economies tend to have younger populations, and more advanced economies
are aging rapidly. These factors are relevant in a globalized marketplace, where
national policies drive firm-level decision-making around investment levels in R&D,
training, and location of research and manufacturing facilities.

Advanced Manufacturing is not a static entity; rather, it is a moving frontier.
What was considered advanced decades ago (pocket-sized personal digital assistants)
is now traditional, and what is advanced today (portable high-density lithium-ion
batteries) will be considered mainstream in the future.

D. Overview of Report

The next chapter of this report describes five converging trends in
advanced manufacturing:

e Ubiquitous role of information technology
e Reliance on modeling and simulation in the manufacturing process
e Acceleration of innovation in supply-chain management

e Move toward the ability to change manufacturing systems rapidly (what the
literature calls rapid changeability) in response to customer needs and external
impediments

e Acceptance and support of sustainable manufacturing

Chapter 3 (and Appendix C) describes the selection criteria for each technology
area presented and outlines the current state of global developments, near- and long-
term trends, and science and technology advances and policy changes needed to



accelerate advanced manufacturing. Appendixes F through | supplement the chapter
for each of the four technology areas selected for in-depth examination:

Semiconductors

Advanced materials with a focus on integrated computational materials
engineering

Additive manufacturing

Biomanufacturing with a focus on synthetic biology

Chapter 4 discusses enabling factors that affect advanced manufacturing success.
The chapter is supplemented by Appendix E, which describes these factors for six
countries (Brazil, China, Germany, Japan, Korea, and the United Kingdom).

Chapter 5 contains scenarios that predict what advanced manufacturing will look
like in 10 and 20 years in the United States relative to other countries.

The following appendixes supplement the materials in this report:

Appendix A lists the experts we interviewed by technology area.

Appendix B presents the definitions we reviewed and used as the foundation to
the comprehensive definition of advanced manufacturing presented in this
report.

Appendix C provides a description of the methods and resources used to
examine public global investments in manufacturing-related R&D.

Appendix D presents an analysis of publications from Web of Science that was
the basis of keyword analyses to identify emerging trends in microelectronics.

Appendix E looks at the innovation policies of six countries, because innovation
and advances in manufacturing are closely linked.

Appendixes F through I present case studies for the four technology areas we
focused on in this report (semiconductors, advanced materials with a focus on
integrated computational materials engineering, additive manufacturing, and
biomanufacturing with a focus synthetic biology).






2. Converging Trends in
Advanced Manufacturing

Over the past few decades, manufacturing has gone from a highly labor-intensive
set of mechanical processes to an increasingly sophisticated set of information-
technology-intensive processes. This trend will continue to accelerate as advances in
manufacturing are made.

Several broad trends that are changing the face of manufacturing globally are
beginning to converge. We consulted experts from academia, government, and industry
to identify the broad trends that define these future changes. (See Appendix A for the list
of experts interviewed.) They identified five large-scale trends applicable to the
manufacturing sector:

e Ubiquitous role of information technology
e Reliance on modeling and simulation in the manufacturing process
e Acceleration of innovation in supply-chain management

e Move toward rapid changeability of manufacturing in response to customer
needs and external impediments

e Acceptance and support of sustainable manufacturing

These trends allow for tighter integration of R&D and production, mass
customization, increased automation, and focus on environmental concerns. These trends
are not mutually exclusive.

This chapter examines these five trends independently and then discusses how their
convergence accelerates the emergence of advanced manufacturing enterprises that
leverage the trends to their business advantage. Finally, we explain how these trends
contributed to the selection of the four technologies that exemplify how advanced
manufacturing will change over the coming years.

A. Information Technology

The first major trend in advanced manufacturing is the increased use of information
technology. Numerous examples of information technology exist in the domain of
manufacturing, including its support of digital-control systems, asset-management
software, computer-aided design (CAD), energy information systems, and integrated
sensing—see sidebar on the next page for an example (SMLC 2011).



Real-Time
Energy-Management Solutions

Many manufacturing facilities are
beginning to move toward real-time
management of energy use, one of the
larger resource expenditures for these
companies. Despite the proliferation of
real-time energy-management solutions
for commercial buildings, sometimes
known as energy information systems
(Granderson et al. 2009), tools for
manufacturing facilities are somewhat less
developed, perhaps because the degree
of variability between factories is greater
than that between different buildings.

The use of information technology not
only speeds up overall productivity in the
factory by increasing communication speed
and efficiency, it also maintains quality by
better controlling processes (lorio 2011;
Industrial College of the Armed Forces
2010). In recent years, the tasks that can be
monitored and controlled with information
technology are increasing in number as well
as complexity; these increases are enabling
high-speed production with increasing
accuracy (Isermann 2011; Mekid, Pruschek,
and Hernandez 2009).

information

The greater wuse of
technology in manufacturing links the design stage of an individual component to the
larger assembly manufacturing system to the use of manufactured products (lorio 2011).
The use of computer-enabled technologies improves communications that enable both
“smart manufacturing” in the factory and ““smart supply-chain design”— sending the
right products to the right suppliers (Sanders 2011). The ease of communication is also
leading to increasing volumes of data that must be appropriately managed. The growth of
fields such as data mining and informatics is evidence of the increasing concern about
appropriate management of high volumes of data.

Alongside the growing use of information technology is concern over cybersecurity,
or the secure collection, transmission, and storage of data (NRC 2007). There has been a
significant increase in targeted attacks on large and geographically dispersed networks of
businesses and government and military sectors. Often leveraging social engineering and
malware, the attacks seek to maintain a persistent presence in the victim’s network and
infiltrate organizational networks to extract sensitive information (Villeneuve 2011). The
recent demonstration of the Stuxnet distributed denial-of-service attacks is evidence of
the possibility of malicious misuse of information or cyber-attacks (Chen 2010). Such
attacks emphasize the need for carefully considering such threats as the role of
information technology grows.

Sophisticated automation and robotics have the power to democratize
manufacturing industries, starting at the lower end of the value chain, but increasingly
moving toward complex decision-making roles. Contract manufacturing firms that
specialize in mass production of technology products and product components are using
robots to push back against rising wages and to increase competitiveness (Yee and Jim
2011). (See sidebar on the next page.)
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IT Will Transform Factory Work

Brooks (2012) is professor emeritus of robotics at MIT and founder of the manufacturing
start-up, Heartland Robotics. In his recent commentary about the role of information
technology in advanced manufacturing, he explains how it will transform factory work:

Thirty years ago, most office workers could not control information flow. They received
paper memos and reports printed from mainframe computers. Distributing your own
memo was a multiperson process; changing a printout took weeks and a dozen people.
The PC changed all that. By the economic boom years of the late 1990s, any individual
office worker could produce memos and automate simple tasks, using tools such as e-
mail and spreadsheets.

The same democratization of information flow and automation has yet to come to
manufacturing. By analogy, our current industrial systems and robots are mainframes,
and advanced-manufacturing innovation is concentrated on supercomputers. But the
building blocks needed to create the PCs of manufacturing abound; these will be the
robotics and automation tools for the masses. We can create tools for ordinary workers,
with intuitive interfaces, extensive use of vision and other sensors, and even the Web-
based distribution mechanisms of the IT industry.

It was hard to imagine secretaries becoming “programmers” in 1980, and it is hard to
conceive of ordinary U.S. factory workers becoming manufacturing engineers. But
people who once would have been called secretaries now routinely use spreadsheets,
typeset publications, and move money globally. We need to create the tools to similarly
empower our factory workers.

B. Modeling and Simulation

The second major trend in advanced manufacturing is the use of modeling and
simulation across the product life cycle, which may include the development of products,
processes, plants, or supply chains. In contrast to information and technology, which
primarily drives speed, efficiency, and quality control in production, modeling and
simulation approaches are frequently used to move quickly from the design to production
stage (see sidebar “Simulation Models—Toyota’s Central R&D Labs”).

Employing modeling and simulation during the product-development phase allows
designs to ensure manufacturing efficiency while decreasing risk from the start by
reducing the need for expensive testing and prototyping (Sanders 2011). Further down
the product-development line, process-modeling tools also compress the time to market
for new products by streamlining the handoff between design and manufacturing
divisions of a company (Melkote 2011). In the previous two decades, modeling and
simulation approaches have focused primarily on analyses early in the design process, but
modeling and simulation tools for later in the development cycle are now being
emphasized (National Defense Industrial Association 2011).
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Simulation-based  approaches
for manufacturing offer the potential
to optimize design and supply-chain
architectures. Simulations minimize
risk by incorporating manufacturing
considerations into the early phases
of conceptual and preliminary
designs, where the flexibility exists
to pursue alternatives. Currently,
most manufacturability problems are
uncovered as the designs are being
built and tested for the first time,
which can lead to significant cost

Simulation Models

Toyota’'s Central R&D Labs have developed several
simulation models to predict structural responses of
Toyota automobile frames to impacts, noise, wind, and
other factors to assess the resistance levels of its auto
bodies. (Deshmukh 2009).

Autodesk, a California-based multinational firm,
uses a model known as ETO, or engineer to order
(Simonite 2011), as an alternative to the traditional
approach to producing “high-volume, low-cost
outsourced production,” sometimes referred to as the
“tyranny of bulk” (Sarma 2011). Using this model,
customers are allowed to specify the characteristics of
the products they want to purchase using a list of
general rules, rather than a catalogue or list of already-

made products.
and schedule overruns (Sanders et al. P

2010). At this point, it is extremely
expensive and often impossible
to change the design to improve
theyield and manufacturability
characteristics (Sanders 2011).

Procter & Gamble utilizes several modeling and
simulation programs to design efficient factory and
production line layouts, ensuring that the logistics
associated with one production line do not interfere
with another (Siemens 2011).

Simulation-based methods for engineering design and analysis have been in
development for over 40 years, and they have fundamentally changed the way products
are designed (Glotzer et al. 2009). Specific examples include finite-element analysis
for solids and computational fluid dynamics for modeling how fluids move in a
designed component (Sanders 2011). Unfortunately, limited attention has been
directed at developing comparable manufacturing design and analysis capabilities, and
as a result, there is a significant gap in the system-engineering tool kit that can be used
to optimize producibility.

C. Innovation of Global Supply-Chain Management

The third major trend in advanced manufacturing is the management of complex
global supply chains. Over the past two decades, several trends have led to more
complicated supply chains, among them increasing demand for high-technology goods,
globalization, decreasing logistics and communication costs, and the growth of e-
commerce (Macher and Mowery 2008). The management of these supply chains is
enabled by advances in information technology, such as enterprise resource planning
software and radio frequency identification (RFID) technology in logistics (Angeles
2009; Zelbst et al. 2010).

As supply chains have globalized and become more complex, business executives
have become more concerned with the associated risks (Kouvelis, Chambers, and Wang
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2006). Security of these global supply chains may become increasingly problematic
because the majority of attention and funding for our transportation security has gone to
airport and passenger security (Macher and Mowery 2008). Other factors, such as
political interruptions, weather calamities, and labor strikes, may be even more important.
Within the broader trends of decreasing inventory and mass customization, supply-chain
disruptions can become a much more serious issue (Macher and Mowery 2008). Potential
security issues include disruptions and presence of counterfeit or inferior goods
(McKnight 2011).

Before the convergence of information technology and globalization, logistics service
providers primarily moved goods from one location to another for fixed fees. Today, they
work directly with purchasers, service integrators, and consultants to achieve flexible
logistics solutions for enterprise resource planning (Sarma 2011; Zelbst et al. 2010).

Innovative supply-chain management reduces the time to fulfill customer orders
(see sidebar “The Kiva Warehouse Automation System”). For example, while a typical
product might be manufactured in a day or two, passing that product through supply and
distribution chains often takes a month or two. Thus, improving the organization and
structure of the supply chain can matter more than increasing efficiency within the
factory (Suri 2011). If manufacturing begins to move toward more distributed,
decentralized production, supply-chain management and innovation will matter even
more (Sarma 2011).

The Kiva Warehouse Automation System

The Kiva warehouse automation system, designed by MIT graduates and
students, integrates multiple warehouse functions into one system, from inventory
storage to quality control and order fulfilment (D'Andrea and Wurman 2008). The
Kiva system uses autonomous robots, mobile shelving units, and integrated control
software to fill orders placed at major retailers at any time of day or night. It can
handle products of all sizes and shapes and move them to operators when needed.

While RFIDs have been widely used in retail (Karaer and Lee 2007) and
assembly environments (Gaukler and Hausman 2008; Gaukler and Seifert 2007),
there is a growing body of work examining their use in obtaining lead-time
information that can help model and adapt to supply-chain uncertainties (Kouvelis
and Li 2008; Burke, Carrillo, and Vakharia 2009). Walmart is an example of a
company that is beginning to employ similar approaches that combine RFIDs, IT
advances, data mining, low-cost sensors, and robotics to track items in the supply
chain and obtain continuous feedback (Bonvillian 2011).
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D. Changeability of Manufacturing

A fourth trend is the move toward rapid changeability of manufacturing to meet
customer needs and respond to external impediments (Wiendahl et al. 2007). Here,
“changeability” is used as an overarching term that encompasses the terms that typically
describe existing paradigms of changing production capacity. Among these terms are
“flexibility” (Buzacott and Yao 1986; Sethi and Sethi 1990), “reconfigurability”
(Mehrabi, Ulsoy, and Koren 2000), “transformability” (Jovane, Koren, and Boer 2003;
Nyhuis, Heinen, and Brieke 2007), and “agility” (Gould 1997). The hierarchy of these
terms, shown in Figure 3 and defined in the sidebar “Definition: Changeability of
Manufacturing,” was proposed by Wiendahl et al. (2007) to distinguish among the
changes that take place at different factory levels.
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Feature Change-
over
| ability | | _/l _/l jl ,
Station Cell/System  Segment Site Network

Production level

Source: Wiendahl et al. (2007).
Figure 3. Schematic of changeability at various product and factory production levels.

The product hierarchy, beginning with the highest level on the ordinate includes the
entire product portfolio offered by a company. Moving down the y-axis, the portfolio is
reduced to its smaller constituents, beginning with products, then subproducts,
workpieces, and ultimately down to individual features. Similarly, the production-level
hierarchy at its highest level along the abscissa is the network, which includes the entire
geographically separated production enterprise linked through the supply chain. Moving
down the hierarchy presents smaller and smaller production units from site level (i.e.,
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factory), to segment level (e.g., facilities for assembly, quality measurement, or packing),
to cell or system level (a working area) that produces workpieces and the stations that
affect feature-level changes.

Definition: Changeability of Manufacturing

Changeover ability designates the operative ability of a single machine or
workstation to perform particular operations on a known work piece or
subassembly at any desired moment with minimal effort and delay.

Reconfigurability describes the operative ability of a manufacturing or assembly
system to switch with minimal effort and delay to a particular family of work
pieces or subassemblies through the addition or removal of functional elements.

Flexibility refers to the tactical ability of an entire production and logistics area to
switch with reasonably little time and effort to new — although similar — families of
components by changing manufacturing processes, material flows and logistical
functions.

Transformability indicates the tactical ability of an entire factory structure to
switch to another product family. This calls for structural interventions in the
production and logistics systems, in the structure and facilities of the buildings, in
the organization structure and process, and in the area of personnel.

Agility means the strategic ability of an entire company to open up new markets,
to develop the requisite products and services, and to build up necessary
manufacturing capacity.

Source: Wiendahl et al. (2007).

What emerges from these corresponding classes of products and production is a
hierarchy of changeability that can be disaggregated into five classes, each subsumed by
the next highest level: changeover ability, reconfigurability, flexibility, transformability,
and agility (Wiendahl et al. 2007).

Regardless of the term used, growing globalization, shortened product and
technology life cycles, ever-changing customer demand, and market dynamics are
requiring consideration of a comprehensive view of product or production adjustments
when made anywhere in the manufacturing system (Wiendahl et al. 2007; Owen et al.
2011; AlGeddawy and ElMaraghy 2009).

Changeability is furthered by advances in information and technology, as well as
modeling and simulation, that help tailor manufacturing systems for goals such as mass
customization (Qiao, Lu, and McLean 2006). Achieving truly flexible manufacturing
facilities requires advanced processing machines capable of rapidly changing to new
designs and new materials, which not only shorten product-development cycles but also
make facilities more robust against supply-chain disruptions (Ehmann 2011). Adaptive
machines are able to physically move to change the order of operations or internally
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adjust to deal with changes. Such machines could possibly even predict where changes
will show up by learning (lorio 2011). These changes in turn will dictate the development
of new types of manufacturing processes and how we approach the design of products,
since now products must be not only producible but also customizable (Ehmann 2011).
Changeability can also assist design engineers by reducing some of the constraints on
their work as more types of design and materials are possible in production (lorio 2011).

Increasing changeability in manufacturing could also signal a trend toward
decentralized production for some product types. For example, we can imagine
downloading digital blueprints for simple devices, customizing the design using simple
software, and then fabricating it at a local Kinko’s-like facility. Such distributed
manufacturing could be made accessible to large masses even in remote areas (Ehmann
2011). For example, Zara is a Spanish retail store that had adopted an advanced
integrated manufacturing system that allows it to respond rapidly to the fast-changing
fashion demands of consumers. It has tightened its supply-chain management so that the
consumer “pulls” the design. Zara uses state-of-the-art IT and distribution systems to
collect data daily on trends so they can quickly turn out new designs. Zara keeps costs
down by using existing materials in stock and through the use of an automated
distribution system that has over 200 kilometers of underground tracking and optical
reading devices (Mukherjee et al. 2009).

E. Acceptance and Support of Sustainable Manufacturing

One final trend is the emergence of the concept of sustainable manufacturing, or the
application of sustainable development to the manufacturing sector. While there are
varying definitions used in the literature, the International Trade Administration (ITA) of
the U.S. Department of Commerce succinctly defines sustainable manufacturing as “the
creation of manufactured products that use processes that are non-polluting, conserve
energy and natural resources, and are economically sound and safe for employees,
communities, and consumers” (ITA 2011).

Several factors have drawn sustainability to the forefront of manufacturing. The first
is increasing costs for materials and energy and, perhaps in the future, water (Weitzman
2011; Dornfeld 2010). Manufacturers have always been concerned with uncertain energy
and material input costs, but recently some of these costs have increased at extremely
rapid rates. 1T-based solutions for reducing waste and resource use are growing in
popularity and represent one convergence of trends. Companies are also increasingly
pursuing sustainability for marketing or brand-recognition reasons (Economist
Intelligence Unit 2008) (see sidebar “Sustainability at Ford and Lockheed Martin”).
Finally, concerns about supply-chain disruptions due to material shortages that could
impose extreme costs, such as in the case of rare-earth elements, are weighing heavily on
many manufacturers (lorio 2011; Humphries 2010).
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Sustainability at Ford and Lockheed Martin

Ford Motor Company has adopted sustainable manufacturing as a company mandate,
initiated at its Dearborn, Michigan, Ford Rouge Center, on the premise that “The companies
that make the high-quality products and services that consumers really value—and do so in
ways that limit harm to the environment and maximize benefits to society—uwill be preferred
in the market place” (Clute 2008). The Ford Rouge Center has been transformed into a
sustainable manufacturing center where Ford pilots sustainability projects and then
replicates successes at other Ford facilities. Ford is using sustainable materials such as soy
foam or recycled materials in creating the car seats. Through adoption of sustainable
manufacturing and related processes, Ford has achieved a company-wide 30% energy
reduction and 39% carbon reduction from 2000 to 2007. Ford identified many barriers to
implementing sustainable manufacturing, such as lack of incentives, the incremental
construction and retrofit costs, the limitations in product selection, and the difficulty in
quantifying cost savings.

Lockheed Martin’s Go Green program, launched in 2008, has established targets to
reduce carbon emissions, water consumption, and waste to landfills by 2012, which has
already saved over $3.3 million (Rachuri et al. 2011).

F. Enterprise-Level Concept of Advanced Manufacturing

Each of these trends reinforces or enables the others, such that they begin to
converge to form an enterprise-level concept of advanced manufacturing. The Smart
Manufacturing Leadership Coalition (SMLC) has described the convergence of these
trends as “smart manufacturing” (SMLC 2011), a term that captures different dimensions
of the trends discussed above. Here, we refer to an advanced manufacturing enterprise to
describe a firm that takes advantage of each of these trends in combination to create
innovative business opportunities.

One previous definition of an advanced manufacturing enterprise is the “intensified
application of advanced intelligence systems to enable rapid manufacturing of new
products, dynamic response to product demand, and real-time optimization of
manufacturing production and supply-chain networks (SMLC 2011).” This idea is
represented by a Smart Factory that relies on interoperable systems; multi-scale dynamic
modeling and simulation; intelligent automation; scalable, multilevel cyber security; and
networked sensors. Such enterprises utilize data and information throughout the entire
product life cycle with the goal of creating flexible manufacturing processes that respond
rapidly to changes in demand at low cost to the firm, as well as to the environment. These
processes facilitate the flow of information across all business functions inside the
enterprise and manage the connections to suppliers, customers, and other stakeholders
outside the enterprise. Figure 4 summarizes the concept.
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IT-enabled supply chain
reacts to changes in
demand and suppliers
Zara’s integrated system

Source: Adapted from SMLC (2011).

Link product development
and design to
manufacturing process
Toyota’s Central R&D lab

Plant operators use
knowledge-based
applications to make
decisions that optimize
production and minimize
costs —Autodesk ETO
(engineer to order)

Real-time information
flows between factories
and distribution centers
to streamline product
movement

Kiva’s warehouse
automation system

Products tailored to the
customer; traced
throughout their service
life; and recycled or
remanufactured at end of
life

Ford Sustainable
Manufacturing

Figure 4. Advanced manufacturing enterprise concepts.

The advanced manufacturing enterprise begins with modeling and simulation to
minimize the time needed from product conception to delivery. Information technology
such as enterprise resource planning software plans an agile supply chain capable of
rapidly responding to both upstream changes such as resource prices and downstream
changes such as demand. The smart factory utilizes sophisticated applications to optimize
production efficiency and quality control. Forward distribution is also tracked and
optimized to deliver products tailored to the final consumer, perhaps even via mass-

customization concepts.
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3.  Emerging Trends in
Four Technology Areas

Advanced manufacturing is driven by advances in science and technology that occur
in university or industrial laboratories, on factory and shop floors, or at business schools.
Both incremental advances and breakthrough advances in traditional and emerging
sectors are important for the future of manufacturing. We broadly define advanced
manufacturing as manufacturing that builds on and encompasses the use of science,
engineering, and information technologies, along with high-precision tools and methods
integrated with a high-performance workforce and innovative business or organizational
models, to improve existing or create entirely new materials, products, and processes. In
this chapter, we describe these trends in four technology areas:

e Semiconductors

e Advanced materials, with a focus on integrated computational materials
engineering.
e Additive manufacturing.

e Biomanufacturing, with a focus on synthetic biology.

In the following sections, we give the criteria for selecting the technology areas. We
then highlight the key findings for each of the four technology areas, including scenarios
in 2030, and barriers to achieving these scenarios. Appendixes H-I presented the detailed
case studies for each area.

A. Representative Technologies

We used five criteria as a guide to select technology areas that illustrate how the
landscape of advanced manufacturing will change over the coming 20 years. A
technology area was selected if it met at least three of the criteria.

1. Criteria for Selection

a. Technology Follows Broader Trends

One of the main goals of the case studies is to examine the possible influence of
trends discussed and their convergence into enterprise-level advanced manufacturing;
thus, the first criterion was that the case study should be representative of these broader
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trends. But because many emerging technologies met this criterion, additional criteria
were needed.

b. Potential to Be a Platform Technology

The second criteria for having a potentially high impact on future manufacturing is
the ability of a technology or process to act as a platform upon which other technologies
or processes can be built. A platform technology is an enabling technology that is a
combination of equipment, methods, and other technologies that has the potential to lead
to leaps in performance and capabilities of users.

This criterion is similar to the idea of key enabling technologies (KETs) examined
by the EU. These strengthen industrial and innovation capacity in pursuit of addressing
societal and economic challenges (Commission of the European Communities 2009).
Implied by this definition is also a high potential for growth, not just in scientific research
but also in development (and ultimately deployment) of useful products.

c. National Security

The third criterion is criticality to national security, which was added due to the
inherent link between manufacturing and national security noted by many authors (Ezell
and Atkinson 2011; National Defense University 2009). We interpret the concept of
national security to broadly include military, economic, energy, environmental, political,
and societal security issues. Manufacturing and advances in manufacturing are critical to
national security for many reasons: to ensure a ready supply of goods and services for
defense and commercial needs at reasonable prices, ensure supply-chain integrity,
provide employment and economic-growth opportunities, and maintain low-cost and
reliable sources of energy and information technology systems (Ezell and Atkinson
2011).

d. The Role of Enabling Factors

The fourth criterion encompasses the role of enabling factors, such as intellectual-
property rights and protections. These enabling factors are drivers of innovation but also
subject to policy intervention, such as the amount of government investment in R&D,
regulations, immigration policies, and the quality of education. Policy-related factors may
enable or challenge advances in manufacturing.

! Definition adapted from terminology used to describe advances in hardware and software. See
http://www.businessdictionary.com/definition/platform.html.
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e. High Level of Global R&D investment in Science and Technology

The fifth criterion also served as a way to capture any other factors unrelated to
the first four criteria. These other factors include culture (such as attitudes toward
manufacturing education and workforce), demographic composition (such as an
aging population), industry standards, availability of a highly skilled workforce, and
accessibility of venture capital and other financing.

The fifth criterion focused on identifying technologies with a high potential for
future impact on global manufacturing. Since this criterion is not easily measured,
we use a high level of current R&D investment in science and technologies in
selected major manufacturing countries as a rough indicator. We chose areas that
have the potential to benefit advanced manufacturing as a proxy. While having a
high level of investment does not necessarily imply a technology that will be critical
to the future, it does suggest that global governments and markets have determined
the technology to have a high probability of commercial success.

Using publicly available documents and websites, we identified 36 programs
and initiatives in the regions and countries of interest. (See Appendix C for a more
detailed description of the methodology used). Table 1 summarizes the types of
technologies funded by leading countries in advanced manufacturing. Note that this
is not a comprehensive review of all public investments across technology areas, but
was meant to provide a high level overview of emerging trends.

Based on this limited search, China funds research in all areas in Table 1,
except for “standards” and “general manufacturing.” The European Union funds
research in the broad areas listed in the table, but has more gaps in specific areas
than China. Other countries fund R&D in areas of their relative manufacturing
strengths, such as Japan’s and Taiwan’s funding of information and communication
technology (ICT) development. Because the dollar amounts are only approximations
of the level of investments, they are represented by Xs for presentation in Table 1.
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Table 1. Significant public investments in manufacturing-related R&D.

Manufacturing Technology R&D EU Germany UK China Japan  Korea Taiwan Brazil
National R&D (public + private) 294,222 81,849 40,096 120,613 148,719 43,906 20,537 NA
(2008) $M
% of National R&D that is public 46% 33% 55% 28% 22% 27% 30% NA
(2008) $M

Approx. National Manufacturing R&D 261,832 72,839 29,602 104,479 133,746 38,881 19,054 NA
(public + private) (2008) $M

Li-ion and thin film X X X X
battery technology

Photovoltaics X X X X X

Materials research X X X X
for green

Advanced manufacturing
materials and
applications Fuel-cell X X « «

technology

Materials modeling X X X X
and simulation

Nanomaterials and X X X X X X
applications

Printed electronics/ X X
roll-to-roll
processes

CMOS and related X X X X X X
microelectronics

MEMS and sensor X X X X
devices
ICTs
(microelectronics
and photonics)

Advanced telecom X X
devices

Displays incl. X X X X

OLEDs (organic

light-emitting

diodes)

Low power X X X X X
electronics

Nanoelectronics X X X X X X X X

x
x
x

. Alternately fueled
Transportation vehicles
and avionics o
Space avionics X X X

Biomanufacturing X X X

General (all- X X
inclusive)
manufacturing

Standards X X

X
X

High-performance X
machinery
Tooling and Modular machines X X
equipment . )
Rapid Tooling

Robotics

X | X X X

Mass customization X
(additive
manufacturing)

Digital design X X
technology

Network-centric X X
production

Digital
Manufacturing
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Manufacturing Technology R&D EU Germany UK China Japan Korea Taiwan Brazil

Sensing and X X v ”
Process control  detection
and monitoring  process control X X %

technologies

Energy efficiency X X ”

i Flexible X X X «

Enterprise-level )

manufacturing
convergence

System modeling X X «

and simulation

Sources: For rows 2—4, Total GERD (public + private) from Main Science and Technology Indicators. GERD: Gross
Expenditure Domestic on R&D (million current dollars ($), corrected using purchasing power parity,
http://stats.oecd.org/BrandedView.aspx?oecd bv_id=strd-data-en&doi=data-00182-en and STAN R-D Expenditure in

Industry (ISIC Rev. 3) ANBERD ed2009 (not PPP) http://stats.oecd.org/Index.aspx?DataSetCode=ANBERD2011 REV3.

2. Technology Choices

While the applicability of these criteria to each technology will be discussed more in
each the following chapters, here we preview the technologies in terms of their
applicability to the trends in advanced manufacturing:

Semiconductors—Semiconductors are highly critical for information technology
and defense technologies. In addition, as Table 1 shows, almost all countries
presented here have invested in R&D for microelectronics. Finally, very few
technologies serve as a platform for further innovation more than semiconductors.

Advanced materials and integrated computational materials engineering
(ICME)—Advanced materials are essential building blocks in everything from
household products to defense-critical applications. The importance of advanced
materials is evident from the high level of global R&D investment in them. A
relatively new approach to integrating materials information with computational
tools, engineering performance analysis and process simulation holds significant
promise for optimizing materials, manufacturing processes, and products. ICME
tools enable the development of designer materials for specific applications
(Brinson 2011).

Additive manufacturing—Additive manufacturing is a processing technology
that exhibits relatively low levels of global R&D today but has the potential to
become a platform to shift the entire manufacturing enterprise toward more
distributed production models. Creating products via additive processes rather
than traditional subtractive ones allows inherent flexibility and customization,
contributes to sustainability through decreased materials waste, and presents new
and interesting digital supply-chain possibilities for product design and delivery.

Biomanufacturing with a focus on synthetic biology—Synthetic biology is a
subset of biomanufacturing and is the primary area of focus in this report. This
multidisciplinary emerging technology area introduces engineering approaches
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of modularization, modeling, and a rational and iterative design cycle? to
molecular biology to exercise precise control over cell functions and products
(Koide, Pang, and Baliga 2009). The production of pharmaceuticals via
biological techniques also has the potential to simplify the supply chain and
produce pharmaceutical products flexibly, possibly to the point of creating
custom drugs and vaccines. Further, biotechnology could potentially serve as a
platform technology for many types of biological and nonbiological products.

B. Trends in Semiconductor-Manufacturing Technology?®

1. Introduction

Today, semiconductor manufacturing is a mature industry generating $300 billion in
revenue, with manufacturing facilities in over 20 countries. It is the cornerstone of a
global information technology (IT) economy, supporting a $2 trillion market in electronic
products and an estimated $6 trillion in service industries across sectors ranging from
health care and transportation to banking and defense (Zhang and van Roosmalen 2009).

Today’s information processing needs are powered by silicon-based integrated
circuits (ICs). The silicon microprocessor, containing more than 2 billion transistors, each
functioning and interconnected by a well-defined, hierarchical wiring scheme, and
measuring in nanometers, is one of the more complex pieces of machinery ever
manufactured.

The complexity of the process and the product is the direct result of doubling the
number of transistors on the chip every 2 years, as the industry has done since the 1970s.
This doubling phenomenon is referred to as Moore’s law. The result is a better cost-to-
performance ratio of products that rely on the transistors, which has introduced an
exponential growth of the semiconductor market. This has been accomplished by scaling
down transistor devices to ever-smaller dimensions, following rules for transistor scaling
that were established by Dennard et al (1999).* By scaling the transistor, the
manufacturer was able to simultaneously improve performance, reduce power, and lower
the cost of the product. But the escalating cost of R&D in recent years has motivated
industry collaboration through consortia and various R&D partnerships (Mims 2010).

See Stanford Encyclopedia of Philosophy, “Rationalism vs. Empiricism,” First published Thu Aug 19,
2004; substantive revision Wed Aug 6, 2008; http://plato.stanford.edu/entries/rationalism-empiricism/.

See Appendix F for additional information on this technology area.

Dennard’s finding was that if the transistor’s lithographic dimensions and the operating voltage were
scaled down by the same factor, the resulting device would be faster, less expensive, and more power
efficient.
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By 2025, advances in mobile computing and cloud connectivity combined with the
growth of sensor networks will set the vision for a cyber-physical world with ubiquitous
computing capability (PCAST 2010a; Sha et al. 2009). The sensors may be embedded
into objects or cover complete walls, leading to trillions of connected devices; the
networked sensor systems enable real-time data processing on wireless computing
devices, creating intelligent and adaptive cyber environments for emerging applications
such as autonomous transportation systems (Rabaey 2008).

2. Global Developments

In semiconducting manufacturing technology development, the high cost of research
and innovation has resulted in companies becoming risk-averse in making R&D
investments, and there has been increasing consolidation within the industry. Further, as
semiconductors have become commoditized, development and innovation in
manufacturing have increasingly shifted to Southeast Asian countries that rely on
economies of scale to drive out competition. Precompetitive R&D will be increasingly
conducted mostly in partnerships or consortia, which allows manufacturing leaders
(Taiwan Semiconductor and Samsung) who are now collaborators to begin to become
R&D leaders.

The growth of semiconductor-fabrication facilities is expected to continue at a much
higher rate largely outside the United States than within. The attrition of the U.S.
semiconductor manufacturing base will continue to affect research in infrastructural areas
such as materials and instrumentation, modeling and simulation, and tooling.

Figure 5 shows the geographic distribution of semiconductor manufacturing
facilities worldwide, including both foundries and IDM manufacturing plants. While
China leads in the number of planned fabrication facilities (five), overall manufacturing
capacity is highest in Japan, closely followed by Taiwan. Taiwan is home to two of the
leading foundries, TSMC and UMC, as well as a host of memory-chip vendors and other
IC makers. Based on forecasts, by mid-2011 Taiwan will have surpassed Japan to have
more semiconductor capacity than any other region in the world, producing nearly 25%
of projected global capacity. South Korea, meanwhile, has the highest concentration of
fabrication facilities at the cutting edge of manufacturing (IC Insights 2011).

Internationally, Japan, Taiwan, and Korea have an established position in the
industry, with China slowly ramping up its foundry capabilities. While Intel and AMD,
two U.S. companies, have led manufacturing in the microprocessor market, Japan has
historically led in memory products. In recent years, however, Korea (Samsung) has
taken the lead in this, as well as in the mobile devices industry. China is rapidly
emerging, aided by government policies that attract foreign manufacturers to set up
foundries in the country. Its semiconductor industry accounted for 11% of the global
industry in 2009, up from 2% in 2000 (Chitkara 2010). The European Union strength is

25



its formation of public-private partnerships in France, Germany, and across the EU. The
EU also has coordinated efforts through Framework programs by funding specific areas
of interest, such as Future and Emerging Technologies (FET) Flagship (Future and
Emerging Technologies (FET) 2011) programs (set to receive up to €1 billion over 10
years). In general, the EU is investing in long-term research programs that mirror those in
the United States.

The result of this increasing global spread of the manufacturing supply chain is a
decrease in the control over the system; electronic products manufactured overseas, both
defense and consumer goods, may be susceptible to tampering and counterfeiting.
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Note: The United States has 13 fabrication facilities, whereas Southeast Asia has more than 60.

Figure 5. Global spread of semiconductor industry:
Leading-edge foundries have moved to Asia over the past two decades.

3. Near- and Long-Term Trends

Three complementary paths or trends are expected to occur in the semiconductors
industry over the next 20 years. These technology developments are not sequential but
occur in parallel, with advances in one feeding into the other areas. Each of these
trajectories as described by the International Technology Roadmap for Semiconductors
(ITRS) will require substantial changes in design, architectures, system-integration
models, and process technologies. (Each of the trajectories was informed by bibliometrics
searches of keywords—see Appendix D.)
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The three trends are described below:

“More Moore”—The inherent difficulties of continued linear scaling have
required the industry to focus on “equivalent scaling” pathways to extend the
CMOS process to its anticipated limit by 2020. Multicore processor design
along with the insertion of new materials into the CMOS process such as high-K
dielectrics in the place of silicon dioxide insulator will drive transistor
performance improvements in the near term.

Functional diversification or “More-than-Moore” or “System-on-Chip”—This
trajectory involves incorporating dissimilar components directly onto the silicon
platform (also called system-on-chip, or SoC) (ITRS 2010a). Starting with the
integration of the processor, memory, and communication components,
microelectromechanical systems (MEMS) sensors and microfluidic components
could eventually be integrated. A compact system with multiple functionalities
will drive the proliferation of integrated circuits in improved communications,
bio-electronics and transportation (Trew 2011). It also opens up possibilities for
mass customization of chips with innovative and desired functionality.

Beyond CMOS—this trajectory includes research on emerging devices and
materials, focused on a “new switch” that will initially supplement the
functioning of the current CMOS and eventually supplant it. The
Nanotechnology Research Initiative (NRI), in partnership with the NSF, has
funded 5 collaborative research programs at over 35 universities with a goal of
demonstrating novel computing devices capable of replacing the CMOS
transistor as a logic switch by the 2020 time frame. (Figure 6 shows the
emerging device concepts being developed by the NRI-funded programs.) The
focus is on exploring new physics and new materials to fabricate devices that
will use new state variables (such as electron spin, magnetic spin, molecular
state, etc.) enabling information-processing capability substantially beyond that
attainable by “ultimately scaled CMOS.” Examples of Beyond CMOS include
the development of carbon-based nano-electronics, tunneling devices, spin-
based devices, ferromagnetic logic, atomic switches, and nanoelectromechanical
system (NEMS) switches (Welser 2011)(ITRS 2010, Chen 2011a, Welser 2011).
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Figure 6. Selected post-CMOS devices.

4.  Science and Technology Advances and Policies Needed

In the long term, advances in the semiconductor industry will be driven by the
exponentially increasing costs of manufacturing and the drive toward low-power
devices.” This has motivated the exploration of lower cost fabrication methods such as
nanoscale self-assembly processes for patterning, as well as new materials and
mechanisms for charge transfer devices. Complementary advances will be needed in chip
design, chip architecture, and design-automation technology. A gradual shift toward
bottom-up manufacturing methods may be seen; however, such a shift is anticipated to be
decades away.

External factors have played an important role in the globalization of the
semiconductor industry. Government policy in the form of tax laws, intellectual-property
protection, procurement, and access to capital and markets has helped countries like
Korea and Taiwan quickly become world leaders in the semiconductor industry; China is
now following suit. A trained, skilled workforce continues to be a critical factor for
countries to move up the R&D and manufacturing value chain. Increasing automation can
also be a big equalizer, along with vertical disintegration of technologies. Potential
barriers to achieving this scenario include possible lack of infrastructural research in
developing new materials databases and multi-scale simulation tools. Integrated
computational materials engineering (ICME) and similar programs may help with this. In
addition, new computing architectures, circuit designs, and devices expected to evolve in

° Rising manufacturing costs have led to the formulation of “Moore’s second law,” which is that the
capital cost of a semiconductor-fabrication facility also increases exponentially over time.
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the 20 year time frame need fundamentally different modeling and simulation tools to
support development, from multi-scale modeling to quantum- and parallel-computing
architectures. Currently, simulation capability lags the pace of technology development.
See the following sidebar for other challenges and barriers to technology advances.

Challenges and Barriers

Technology Challenges

o Rapid shrinking of the domestic supplier base because of increasing consolidation as well
as off-shoring of manufacturing services has negative impacts on U.S. advancement in
manufacturing technology and infrastructural areas (materials, instrumentation, tooling,
etc.).

e High level of investment needed in R&D makes technology developers highly risk-averse
and is a big barrier to technology-based innovation.

o Simulation capability lags the pace of technology development. New IC design and
architectures need new and multi-scale simulation tools to support development.

o Globally linked manufacturing and enterprise systems and migration to cloud sharing also
highlight the increasing need for cybersecurity and robustness of IT infrastructures.

Barriers Due to Factors External to Technology

e Tax breaks and other direct incentives offered by foreign governments (China, Korea,
Taiwan) to offset manufacturing capital costs for semiconductor companies makes the
United States uncompetitive as a location to set up new manufacturing activities.

o Erosion of manufacturing base in the United States is slowly causing a diversion of the
technology talent pool to overseas opportunities.

o Global dispersion of the semiconductor manufacturing supply chain has led to a loss of
control over the ecosystem, creating vulnerabilities for the defense electronics industry.

o Sustained funding for long-term, high-risk research is a barrier to continued U.S.
leadership in this field.

Countries that will lead in 2030 will have invested in cyber and physical
infrastructure to take advantage of the anticipated growth in wireless technologies over
the next 10-20 years. These developments encompass the pervasive use of embedded
microprocessors in sensor networks, automated transportation systems, medical devices,
and other areas that require this technology.

The sidebar on the next page, “Zizhu chuangxin (Indigenous Innovation): China’s
Rising Capabilities in Microelectronics Technology,” describes China’s indigenous
innovation policy in the context of microelectronics technology. China’s National
Medium and Long-term Plan for Development of Science and Technology (2006—2020)
(Cao, Suttmeier, and Simon 2006), known as “MLP” in the West, is a blueprint to turn
China’s economy into a technology powerhouse and reduce its reliance on foreign
technology in core infrastructure systems such as banking and telecom. In particular,
China aims to achieve global preeminence in electronics, and it has accelerated funding
in this area since 2001 even as U.S. funding has declined substantially.
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Zizhu Chuangxin (Indigenous Innovation): China’s Rising Capabilities in
Microelectronics Technology

China’s policy of “zizhu chuangxin” (many refer to it as indigenous innovation) focuses on building on
its internal innovation and production capabilities to reduce dependence on foreign technology. Making
incremental improvements to produce technology appropriate for market needs and shortening the time
to market are viewed as more critical by officials and entrepreneurs than the novelty and allure of high
technology (Breznitz and Murphree 2011). In many of its microelectronics research programs, China has
tactically chosen to focus on areas that will give them a long-term advantage over foreign competition.

China’s rapid ascent in computing-hardware capabilities and the migration of integrated circuit
manufacturing to Asia in the last two decades has led to China’s increasing control over the global
electronics supply chain. China represents a vast untapped market for chip makers: in August 2011,
China, for the first time, became the world’s largest PC market, surpassing the United States (Fletcher
2011). Moreover, as China moves upstream in the electronics supply chain, it poses an increasing threat
to the security of the U.S. defense electronics industry.

Three examples follow.
(1) The Loongson microprocessor

The Chinese Academy of Sciences’ Institute of Computing Technology has created a
microprocessor brand named Loongson (“dragon chip”) with the goal of achieving “CPU
independence” for China by creating inexpensive, usable CPUs that can dominate the domestic
PC market by 2020.

e The Loongson processor has been developed using an older, more power-efficient (MIPS)
technology, rather than Intel's dominant x86 “Wintel” architecture(Herman 2011).

e The Loongson chips are described as “power sipping” in comparison to U.S.-made processors, a
huge advantage in embedded and battery powered devices (such as cell phones and laptops) in
the future. That is, the Loongson chip focuses on power efficiency rather than performance.

When the Loongson chips do hit the market in China, they will be a lot slower than an Intel or AMD

chip, but “enough for most office and other purposes” and about half the cost. (Fletcher 2009).

According to China’s Ministry of Industry and Information (MIIT), Chinese-made integrated circuits

will meet 27% of Chinese domestic demand by 2015, up from 8% in 2010, and this trend will grow.

(Alspector 2011)

(2) The Tianhe-Al supercomputer

In October 2010, China’s Tianhe-Al supercomputer, developed by the National Supercomputer
Center in Tianjin, was clocked as the world’s fastest by a factor of 50%, leaping ahead of Cray’s
Jaguar located at the Oak Ridge National Lab (Ricker 2010).

e The Tianhe-1A made substantial leap in processing speed not by using faster processors, but by
strategically addressing the biggest bottleneck in supercomputing systems—interconnects that
allow flow of information from one processor to another.

¢ While Infineon(a European company) leads the market in interconnect technology, the Chinese
team spent years designing its own proprietary interconnect technology (named Galaxy), which is
reportedly twice as fast as Infineon’s (Herman 2010; Merritt 2010).

(3) The Kylin operating system
The Kylin operating system, developed by China’s National University of Defense Technology

(NUDT), is being installed on government, military, and financial systems with the goal to make
Beijing’s networks impenetrable to U.S. military and intelligence agencies (Coleman 2009).

o The Kylin is reported to be a version of FreeBSD, an open-source version of the UNIX operating
system, but with extra layers of security to make it impenetrable (Alspector 2011). (China built the
Kylin using the FreeBSD operating system as starting point, in violation of the open-source
license.)
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C. Trends in Advanced Materials and Integrated Computational
Materials Engineering (ICME)®

1. Introduction

From the discovery of iron and bronze in ancient times to later achievements in
fuels and macromolecular synthetics, advanced materials have a history of opening
new vistas of technology. To this day, they continue to provide the essential building
blocks of numerous end-use products, ranging from household items to critical
defense applications. They remain a gateway to new manufacturing technologies as
well as a driver of novel processes that can herald the development of revolutionary
products.

Advanced materials possess new or innovative internal structures, which yield
superior properties and facilitate disruptive or transformative changes in
manufactured products (Mathaudhu 2011; Moskowitz 2009). From this perspective,
the field is constantly evolving and leading to manufactured products with an
unprecedented range of applications. During discussions with experts for this study,
one of the most prevalent issues identified regarding advanced materials in the
United States is the need to accelerate the development and application of new
materials to maintain a competitive advantage in technological development.

One area that holds enormous potential for growth and for accelerating the
insertion of materials into products is integrated computational materials engineering
(ICME). As defined by a recent report of the National Research Council (2008b),
ICME is “the integration of materials information, captured in computational tools,
with engineering product performance analysis and manufacturing-process
simulation.” As depicted in the example ICME system shown in Figure 7, this
holistic approach combines multiple models with a database of information and
systems analysis tools, which are available to the user via a graphical interface.
Although currently in a nascent stage of development, ICME has already
demonstrated an ability to loosen the constraints on product design and
manufacturing processes by linking our understanding of materials phenomena from
the quantum to the bulk scale.

® see Appendix G for additional information on this technology area.
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Figure 7. Depiction of components of example ICME system.

2. Integrated Computational Materials Engineering: Successes and Global
Development

a. Recent ICME Successes

While ICME is a young field, a few examples of its use in commercial applications
already exist and have demonstrated a return on investment ranging from 3:1 to 9:1 (NRC
2008a). One of the earliest implementations of ICME concepts was with the DARPA
accelerated insertion of materials (AIM) program that began in 2001. This initiative was
created with the goal of establishing new frameworks for the integration of tools that
would quickly and cheaply develop and qualify new materials and processes.” Through
this work, Pratt & Whitney demonstrated the ability to reduce forging weight by 21% while
concurrently increasing disk burst speed by 19% (NRC 2008a). At the same time, GE
showed their approach could accelerate disk alloy development by 50% (Cowles and
Backman 2010). Following the initial DARPA AIM investment, the ONR/DARPA
“D3D” Digital Structure Consortium was formed with the purpose of higher fidelity
microstructural characterization and simulation to support the AIM methodology (Olson
2011; Kuehmann and Olson 2009). Ultimately, these two phases of AIM led to the first

" A more thorough treatment of the results of the DARPA-AIM program is reported in a study produced

by the National Materials Advisory Board, “Accelerating Technology Transition: Bridging the Valley of
Death for Materials and Processes in Defense Systems,” available at:
http://www.nap.edu/catalog.php?record_id=11108.

32



fully computationally designed and qualified material, the Ferrium S53 landing gear
steel, which reached flight in December 2010 (Kuehmann and Olson 2011).

A handful of other companies including Livermore Software Technology
Corporation, ESI Group, Naval Surface Warfare Center, Knolls Atomic Power
Laboratory (Lockheed Martin Corporation), Toyota Central R&D Labs, QuesTek, and
Boeing have also employed ICME concepts of integrating materials, component design
and manufacturing processes as described in the National Materials Advisory Board
Study with the National Research Council (2008a). Both major manufacturers and small
companies, usually with government sponsorship, have utilized an ICME approach and
realized its benefits.

b. Global Development

The United States is currently among the leaders in developing ICME tools, but
other countries, especially select countries in the EU, are also making significant
investments in this area (Allison 2011; Pollock 2011). Within the EU, the Germany and
the United Kingdom are the dominant countries in ICME concepts, especially relating to
automotive and defense applications (Anonymous on ICME 2011; Pollock 2011), with
Sweden also making significant contributions (Pollock 2011). France also has ongoing
work in the direction that meets its needs in nuclear and defense applications (Pollock
2011).

One indication of China’s growing interest in ICME occurred in 2009, when the
Chinese Academy of Sciences selected the 2008 National Academies report on ICME as
one of a few priority reports to be translated into Chinese (Allison 2011). Whereas
China’s computational capabilities have been increasing along with the number of ICME
related publications (LeSar 2011), their potential remains unclear (Pollock 2011).

One expert noted that market forces may begin to prompt other countries, such as
Singapore and South Korea, to begin to explore ICME for consumer electronics
(Anonymous 1 on Advanced Materials 2011). In Japan, there is also interest in ICME,
along with computational materials science strengths (Pollock 2011). Australia has
emerging work in ICME, especially on lightweighting and 3-D aspects (Pollock 2011).

3. Near- and Long-Term Trends

Experts were consulted to identify potential breakthroughs and advances in ICME
that may occur in the next 5-10 years (near term) and up to 20 years or more (long term).
Breakthroughs included both evolutionary and revolutionary progress that could likely
occur over the prescribed time lines. Early ICME successes are likely to remain in
structural materials applications, including metal-alloy systems, which are already well
characterized. Later advancements may include work in electronics or biomaterials.
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One likely near-term evolutionary breakthrough from ICME is that it will enable the
design engineer to delay specific material choices to later stages of the product
development process, thus optimizing the final materials chosen. A key part of this
approach will be a suite of tools to connect, enhance, and even replace what is already in
existence, allowing people to start with new materials or dramatically different derivative
materials and still develop a product from start to finish in 1 to 5 years instead of 10-30
years as is often the present case. Such capabilities will become an imperative for
companies to develop materials as fast as design (Pollock 2011). The following sidebar
details other potential breakthroughs.

Potential Long-Term Breakthroughs

Design

¢ Sustainability-driven designs may lead to reductions in the use of
environmentally unfriendly materials and processes.

e Supply-chain risks could lead to the use of ICME for facilitating the substitution of
critical materials such as rare-earth elements with materials that are more readily
available via a domestic or diversified supply chain.

e The line between mechanical and materials design will become blurred as
designing components and manufacturing will be done using almost entirely
computationally based methods.

e Combining ICME with nondestructive evaluation will greatly enhance the ability
to predict a material’s lifetime.

¢ All the materials, mechanical, and systems data will be available to the designer,
resulting in unsurpassed freedom of design.
e Materials’ discoveries will likely be catalyzed once ICME tools are available.
Technology
e Supercomputing power will inevitably increase over the next 20 years, leading to

increasingly complex models with improved accuracy (i.e., ability to predict
uncertainty).

e The advent of additive printing technology for doing direct writing of materials will
take advantage of ICME to optimize the materials and processes involved (LeSar
2011).

Supply Chain

¢ The deployment of ICME into industrial applications will necessitate a better
understanding of the relationships among sectors, their requirements, and the
roles of individual suppliers.

Access to material properties data will also improve over time as a unified material
taxonomy is created and populated with modeling and experimental results. Curated
resources will help fill in key information gaps, as well as ensure high standards of data
quality, which are an imperative to promoting integration of such databases with
computational tools.

There is still significant room for progress in materials modeling, which may be
aided by breakthroughs in the area of informatics that allow information to be extracted
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from increasingly complex models and simulations (LeSar 2011). Informatics could also
lead to extracting old sources of information that can be applied in new ways.

In the longer term, broader societal trends in sustainability will likely lead to greater
application of concepts such as materials substitution and recycling, which will be aided
by ICME tools. Moreover, the degrees of freedom allowed in designing materials will
continue to grow, thus necessitating the use of ICME tools to better assess the tradeoffs
of various material choices (LeSar 2011). This will also lead to the blurring of the line
between mechanical and materials design. Designing components and manufacturing will
be done using almost entirely computationally based methods as disciplines begin to
speak the same language (Anonymous on ICME 2011). The inevitable increase in
supercomputing power over the next 20 years will also aid this approach.

Combining ICME with nondestructive evaluation will greatly enhance the ability to
predict a materials lifetime (i.e., prognosis). ICME will provide more robust designs by
more accurately predicting lifetime constraints, thus reducing the unnecessary use of time
and resources simply because parts are replaced earlier than necessary (LeSar 2011).

In 20 years there will likely be a shift in the way materials specifications or design
codes are applied. All the data will be available to the designer, resulting in unsurpassed
freedom of design. This is in contrast to today, where specifications and materials that are
constant with one set of properties are used (Anonymous on ICME 2011).

The deployment of ICME into industrial applications requires the involvement of
numerous organizations that stretch from academia through industry to provide and
maintain tools that cross a variety of disciplines (Furrer and Schirra 2011; Pollock 2011).
While the supply chain may ultimately take on a number of different forms, its
establishment will require a better understanding of the relationships among sectors, their
requirements, and the roles of individual suppliers (Furrer and Schirra 2011). What the
supply chain ultimately looks like will depend on whether there is a large, coordinated
effort that will benefit from government investment or whether it is accomplished
through small grants to universities and other organizations (Pollock 2011).

4.  Science and Technology Advances and Policies Needed

Despite recent advancement of ICME concepts, a variety of technical, cultural, and
other barriers may inhibit progress in the field. Major efforts will be needed to overcome
some of these challenges, which require both evolutionary and revolutionary advances
across many disciplines.

In addition to funding research to address fundamental materials behavior and
modeling, agencies need to support integrated efforts of researchers across disciplines in
a sustained manner that allows the ICME infrastructure to develop. Unifying, agreed-
upon taxonomies should be created at the international scale to lay the groundwork for
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successful coordination and linking of databases. Managing such databases will also be
required to ensure integrity of information. And rapid experimentation and three-
dimensional characterization techniques need to be developed to effectively evaluate and
screen properties.

Educational efforts will also be required to teach this holistic, systems-based
materials-development approach to the existing generation of workers, as well as to
students across various disciplines. Culturally, ICME signals a change in the way
regulatory agencies may oversee materials development; their early involvement is
therefore needed to ensure appropriate verification and validation of models to an
acceptable fidelity. The sidebar “Barriers to Development of ICME” details other
challenges to developing ICME.

Barriers to Development of ICME

Technology Challenges

e Materials behavior involves complex physical phenomena spanning widely
different length and time scales, which is difficult to capture in models.

e Characterizing modeling uncertainty is difficult, especially when determining
propagation through various length and time scales in multi-scale models.

¢ Unifying taxonomies are needed, along with informatics for information
extraction.

e Managing data will require sufficient and sustained resources.

¢ Integration tools, including virtual libraries of material property data that are
properly linked, will be a necessary component of the ICME framewaork.

¢ Rapid experimentation and three-dimensional characterization technigues are
needed to enable rapid evaluation and screening via information such as phase
diagrams (Zhao 2006).

Other Challenges

e A primary cultural barrier is education, including that for skilled teachers, trainers,
and workers.

¢ The ability to accurately verify and validate models to the fidelity acceptable to
regulatory agencies must be realized.

¢ Employing ICME methods is expensive, emphasizing a need to settle
intellectual-property issues that might prevent companies from investing in it.

e Funding was commonly cited by experts as a barrier to entry.

e There is an inability of funding agencies to support integrated efforts of the right
groups of researchers from the various disciplines needed to make ICME
successful (LeSar 2011).

¢ Future limitations may be imposed by export controls or international traffic in
arms regulation (ITAR) restrictions.

o Forming the appropriate linkages in the supply chain to advance ICME may be
difficult.
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D. Trends in Additive Manufacturing®

1. Introduction

Additive manufacturing describes multiple techniques (see the sidebars “Additive
Manufacturing Excels when Parts Are Designed To Be Made Together” and “Selective
Additive manufacturing Processes”) in use since the mid-1980s to build solid parts by
adding materials in layers. In contrast to the traditional *“subtractive processes” that
remove material from solid blocks to manufacture goods, additive manufacturing reduces
waste because it only uses the materials needed to produce a product. The process also
reduces the need to maintain large inventories of component parts because they can be
produced using just-in-time or nearly just-in-time processes. With about $1.2 billion in
worldwide sales of systems, materials, and services in 2010, additive manufacturing is a
small but rapidly growing industry.

Additive manufacturing, an enabling technology, has the potential to fundamentally
change manufacturing. An additive manufacturing machine can produce multiple types of
products without retooling. This has the potential to benefit defense industries such as
aerospace, which demands a continual lightweighting of components. Additive
manufacturing companies are already working with large defense contractors such as
Lockheed Martin, Northrop Grumman, and Boeing.

“Additive Manufacturing Excels when Parts Are
Designed To Be Made Together”

The original design of the robotic arm in the picture below has many different
parts for each component of the hand and joints, requiring joints, pins, and washers
to hold it together. Using additive manufacturing techniques, the arm can be made
as one unit, while still maintaining the flexibility, accuracy, and strength of the
original 15 parts. The robotic arm can be customized to make it smaller or larger or
to change another facet.

Additive manufacturing enables the producer to design, draw, and produce a
consolidated robotic arm in a continuous process. The process can be adjusted to
meet customer needs without retooling.

Source: Assembly Automation (2011), htipz/Awwv.emeraldinsight comjoumals.him?issn=0144-
51548volume=31&issue=18&articleid=1907218&show=himl.

8 See Appendix H for additional information on this technology area.
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Selected Additive Manufacturing Processes

Stereolithography—This process makes use of
photo-curable plastic resins that are treated by UV
laser to become solid or gel-like and is most often
used for prototyping (Hopkinson 2010).
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Fused deposition modeling (FDM)—This process
uses hot nozzles to extrude polymeric material into
position, using one nozzle to extrude support
material and a second to extrude the part.
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Electron beam melting or e-beam melting (EBM)—This
is a process that uses an electron beam in place of a laser

to directly melt metal powder into parts. (Arcam, a

Swedish manufacturer, has pioneered the use of electron

beam melting (Taminger 2008).)
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Powder bed (laser) sintering—Laser sintering

fuses together powder from a bed. Originally,

laser sintering could produce polymer as well

as metallic and ceramic parts (using each type

of powder), with binders needed in the case of

metal or ceramic powders. Recently, more powerful
lasers have been used to directly sinter metal and
ceramic without the use of binders (Hopkinson 2010).
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Inkjet Deposition (3D Printing)—This process
uses an inkjet similar to those found in 2D printers.
It works by depositing a binder on a powder bed
that joins the powder in each layer without the
use of lasers.
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Ultrasonic consolidation (UC)— One of the

newest additive manufacturing technologies,
patented by an American company called Solidica
and in development by Solidica and the Edison
Welding Institute (Slattery 2011). This process uses
metal foils held together under pressure, combined
with ultrasonic vibrations that create a weld between
layers of foil, which are then machined to the

desired shape (Domack and Baughman 2005).
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2. Global Developments

The United States is in a strong position to continue as an industry leader in many
areas of additive manufacturing, including low- to mid-priced machine manufacture and
adoption. In terms of total installed base, the North American region leads with 43% of
machines, followed by 30% in Europe, 23% in Asia-Pacific, and the remainder in other
areas (Wohlers 2011b).

While several U.S. manufacturers are still successful in the European market,
several European manufacturers are now competing well in many market segments.
European companies have a lead in the direct-metal-manufacturing segment of the
additive manufacturing market. Europe also is a leader in direct-metal research:

e The Fraunhofer Institute in Germany, a leader in laser technology, has done
significant research on laser-based additive processes.

e Katholieke Universitaet Leuven in Belgium is a world leader in direct-metal
additive manufacturing.

e Loughborough University in the United Kingdom is widely recognized for its
expertise (Wohlers 2011b; Bourell 2011).

Roughly one quarter of all additive manufacturing machines are estimated to be
installed in Asia. Of these, Japan accounts for almost half and China accounts for about
one-fourth (Wohlers 2011b). Japan was an early adopter of additive technology, and
recently its companies have been relatively unable to sell machines to manufacturers
outside of Japan. The situation is similar in China. A large number of Chinese companies
now offer additive manufacturing services, mainly for design and prototyping rather than
part production. This trend is an example of how earlier stages of product-value chains
are moving to Asia. There is some growth in Taiwan and Australia, but like China, the
growth is mainly in use rather than in innovation and development (Wohlers 2011b).
Currently, there appears to be few Asian companies that have a global presence (and
hence none are mentioned in the table below).

Israel has emerged as a global player due to a single company, Objet Geometries,
which has sold nearly as many machines as all the European companies combined
(Wohlers 2011b).

Representative companies that produce or use additive manufacturing machines and
that have a global presence are listed by country:

e United States

— Stratasys, which mainly uses Fuse Deposition Modeling (FDM) processes,
recently announced a partnership with Hewlett-Packard to produce 3D
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printers, a move some see representing a watershed moment for the
technology due to the capital and brand of HP (Wohlers 2011b).

3D Systems, a major player in the global market for plastics additive
manufacturing, has recently made many acquisitions among both equipment
manufacturers and service providers, often known as service bureaus in the
industry (Wohlers 2011b).

Europe

The Swedish company Arcam is the world leader in the electron beam
melting process, which is growing in popularity for direct-metal parts due to
its energy efficiency and speed. Arcam has focused primarily on high-value
markets, especially titanium alloys for medical and aerospace uses (Wohlers
2011b).

EOS uses primarily laser-based processes for its machines, most of which
have the advantage of the flexibility to produce either plastic or metal parts
including steel, titanium, aluminum, and cobalt-chrome alloys (Wohlers
2011b).

Shapeways, a Dutch company that recently relocated to New York, uses a
network of service bureaus to build parts and ship them directly to
consumers. Nearly anything can be designed by customers and shipped to
them after manufacturing, within size and material limitations (Wohlers
2011b)

Israel

Objet Geometries utilizes 3-D printing inkjet technology and manufactures
several low- to mid-priced systems, some of which fit on a desktop. One of
the major selling points of Objet’s technology is the ability to print in
multiple polymeric materials. (Wohlers 2011b).

New Zealand

Ponoko is a New Zealand company where consumers can buy, sell, or trade
digital designs (including many free options).

Near- and Long-Term Trends

In the near term, (next 5 to 10 years), there will be two broad trends. Consumer
machines will continue to drop in price, and industrial machines will continue to get
better but stay expensive. Consumer machines produce products that require less
complexity and accuracy than those produced by industrial machines. Industrial
applications will require process improvements and innovations to accelerate
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development of faster, more accurate machines to ensure quality control of products.
Some recent technology trends in additive manufacturing include the following:

e Process Improvements—Future machines will increasingly utilize hybrid
technologies that take advantage of the strengths of several types of additive and
subtractive processes.

e Speed—The key will be the trade-off between feature size and speed, as one
must typically be sacrificed for the other.

e Quality Control—Machines will begin to increase quality control and produce
parts with higher repeatability.

e Materials—Innovations may allow a broader material coverage by additive
processes, expanding the current set of materials to include new polymers and
potentially even biological materials

Early application areas will be consumer products, medical implants and tools,
dental implants, and aerospace. Consumer machines will make manufacturing a
distributed paradigm (e.g., iTunes for music; sending files by e-mail to a local print shop
such as Kinko’s) or follow the e-commerce model (e.g., Amazon.com). On the industrial
side, additive manufacturing will focus on producing high-value components and
products, along with those requiring complex internal geometries that cannot be made
using traditional manufacturing techniques. Industrial machines will continue to improve,
building more types of materials, parts, and eventually whole products with increased
speed and precision. To advance, industrial machines will rely on process improvements,
quality control, and development of new materials.

Additive manufacturing, when fully developed and scalable, will lead to economies-
of-scale calculations so mass customization and easy changes in design become possible.
The expectation is that by 2030, machines will have improved to the point that they can
build whole volumes at once, creating multiple material products quickly and at relatively
high precision, directly competing with traditional manufacturing approaches. Three
scenarios are possible:

e Current trends will accelerate so that additive manufacturing becomes increasingly
faster while maintaining an increasingly thinner layer-based approach. This will
require significant technical advances in the software and materials.

e There will be a trend away from layer-based and toward volume-based advanced
manufacturing—that is, filling a shell rather than layering material to create a
product. Very early stage research is underway, but there are currently no known
processes for this approach.

e Bio-inspired self-assembly and nanotechnology will be used in the additive
manufacturing processes. For example, the German Fraunhofer Institute is
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4.

developing new biocompatible materials and a manufacturing process that
combines 3-D inkjet printing and a laser-based polymerization technique for cross-
linking with precision. The institute notes, “this is a step towards future industrial
processing of elastic biomaterials and creation of biofunctional structures for and

medical applications.”

e The potential for the United States to compete in these markets will be improved
by additive manufacturing techniques as capital and labor costs are leveled and

design innovation becomes more important.

Science and Technology Advances and Policies Needed

Scientific and technology advances are needed on multiple fronts to address the
following challenges to development of additive manufacturing processes and machines
(see sidebar “Barriers to Developing Additive Manufacturing”). Currently, additive
manufacturing techniques and materials are more expensive and slower than traditional
manufacturing for large production runs. In addition, most machines are able to produce
small parts, consumer products, and medical components, but not large products.
Research is needed to reduce the costs of additive manufacturing materials and processes;
to accelerate the speed of the processes; and to scale the capabilities, both in terms of
volume produced and size of the product.

Barriers to Developing Additive Manufacturing

Technical challenges with respect to scaling up size
of production runs and ability to produce more than
small parts; increasing speed of production; and
reducing cost of machines and materials.

Lack of commercial funding to scale up production
of additive manufacturing machines.

Concerns about cybersecurity and likelihood of theft
due to portability of designs and ease of replication.

Intellectual-property challenges, such as deciding
who owns and profits from digital designs.

Lack of liability and regulation to assess who is
responsible for self-manufactured digital designs.

Lack of Food and Drug Administration, Department
of Defense, and other approval processes for use.

Lack of design tools and educated workforce that
can use the tools.

Policy will also play a role in
accelerating the development of an
additive manufacturing industry. For
example, industrial policy should
support increased R&D funding for
developing new design tools and
processes, as well as for developing
regulations, standards, and intellectual-
property regimes that address issues
raised by a shift to additive
manufacturing  processes.  Finally,
advances in cybersecurity are needed to
address additive manufacturing issues
such as theft due to portability of
designs and ease of replication.

The sidebar “Additive Manufacturing for Weapons System Spare Parts Production”
provides an example of how additive manufacturing could benefit the production of spare
parts for weapons systems.
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Additive Manufacturing for Weapons System Spare Parts Production

Managing spare parts for military weapons systems is a complicated, time-consuming, and
expensive task involving large inventories (GAO 2008). Many military systems, including aircraft, are
increasingly being used beyond their designed life expectancy (NRC 1997), and parts that have never
been in danger of failure are in need of replacement. Remaking the part via traditional forging,
casting, or machining can often take up to 2 years, not including additional time for qualification and
delivery (Frazier 2011). These problems not only require billions of dollars to support vast inventories
but also necessitate long-term grounding of systems, threatening national security (GAO 2008).

Additive manufacturing has been identified as a potential solution to the spare parts inventory
problem. The types of parts most likely to use on-demand additive production in the near term are
parts smaller than 1 cubic foot, made of high-value materials, and with relatively low part counts.

Additive manufacturing could potentially allow the production of spare parts on demand, either
centrally or in the field:

¢ Shipping digital designs instead of parts could increase the efficiency of defense logistics and the
infrastructure to support them, particularly by reducing inventories kept in the field.

e Less energy would be used to transport, package, and store the spare parts.

This reduction of storage would have a large benefit for space-constrained systems like
submarines, which need spare parts in the field. NASA is interested in additive manufacturing for
spare parts on space missions for similar reasons (Lipson 2011).

Titanium alloys have been identified as a likely first application area, since they are expensive and
difficult to machine and significant material losses occur using traditional subtractive processes. The
Navy and Defense Logistics Agency have identified over 300 Ti-6Al-4V alloy parts that have a
production lead time of greater than 1 year (Frazier 2011).

Significant barriers exist to achieving the goal of on-demand spare part production in the field:

o First is the need for additive processes to be qualified for use in weapons systems. Testing and
certification take time and money, and it is not clear who would pay for such testing. Additive
processes have not yet been standardized and may require different testing than traditional
approaches since failure mechanisms may be different (Kinsella 2011).

e Second is the need for digital designs of the spare parts. Where these would come from depends
on who owns the intellectual property—sometimes this is the military and sometimes not. For out-
of-production parts, CAD drawings could theoretically be achieved through reverse-engineering
techniques (Frazier 2011).

While these barriers are significant, the benefits of on-demand direct part production are many—
decreased part inventories, acquisition costs, and system downtime. Through additive manufacturing,
future defense logistics could be made leaner, more energy-efficient, and more secure.

E. Trends in Biomanufacturing with a Focus on Synthetic Biology®

Introduction

Biomanufacturing harnesses living systems to produce desired products by
purifying a natural biological source (e.g., penicillin from mold) or by genetically
engineering an organism to produce a product. Biomanufacturing products are generally
hampered by a lack of predictability and standardization of the engineering tools.
Products have to be specially designed on a case-by-case basis through a mostly trial-by-

error procedure.

% See Appendix | for additional information on this technology area.
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Synthetic biology is a nascent science and engineering discipline that seeks to
develop an engineering design, build, and test cycle to manufacture biological products
and systems inexpensively and rapidly (see Figure 8) (Royal Academy of Engineering
2009). Standardization—by developing a toolbox of standard biological parts that might
be wired together into a biological genetic circuit that allows control of cell functions and
production of products—is key to the discipline. These circuits then regulate a large-scale
biosynthetic pathway within cells to develop products. A few proof-of-principle
successes have been published by academic laboratories, and a few biotech startups have
adopted synthetic biology practices to produce prod