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elements on the atomic scale, i.e. to reverse the materials design 
and manufacturing process – are eminent opportunities for Materials 
Science and Engineering. 

Advances in Manufacturing and in Materials Science and Engi-
neering are closely correlated. Cross-disciplinary mechanisms of 
knowledge and technology transfer are well-established. New 
material technologies, designed materials and manufacturing 
processes enable industries to produce goods of improved quality 
and value in the life cycle of goods. Research and development 
in materials processing fuel further advances in major indus-
tries, such as, construction, transportation, electronics, commu-
nications, energy, bio-based production, pharmaceuticals and 
food industries, to list a few. In 2010, manufacturing industries 
accounted for 16% of global gross domestic product (GDP), 14% 
of global employment, 70% of all exports and 77% of all private 
investments in research and development. From 1995 to 2005 
manufacturing created 37% of the increase in global productivity 
/2/. Materials underpin all supply or value cycles and product life 
cycles in manufacturing.

Introduction:

Making “More with Less” has become the battle cry for a sustain-
able economy in the 21st Century. This cry is easy - it merely calls 
for more efficiency in industry-based ecosystems: increase the ratio 
of output to input. However, it is not enough, efficiency does not 
curb consumption and waste.  The difficult paradigm shift ahead is 
that Sufficiency replaces Production as the focus of economic activ-
ity. Chains become Cycles. That is very hard to ‘swallow’ in growth-
based economies. Linear models of goods (and wealth) production 
by manufacturing, usage and disposal must be replaced by goods 
and material cycles: a so-called ‘Circular Economy’ /1/. There are 
crucial insights and knowledge that Materials Science and Engi-
neering can contribute to a circular economy: Materials Design by 
Functions, Materials Modelling and optimization by computational 
simulation, Materials Digitization (Materials databases) and Materi-
als Design by End-of-Use and Life-Cycle-Management.

Resource management, environmental compatibility and reuse of 
materials underpin a move away from linear materials and value 
chains to a so-called circular economy. In Materials Science and 
Engineering this has led to integrated flexible value chain/cycle 
approaches, materials data 
digitalization, materials design 
(by function), modelling (simu-
lation and categorization) and 
materials recovery (for re-use). 
New technologies, such as addi-
tive manufacturing, linked with 
sensor and control networks 
(“The Internet of Things”) give 
rise to hybrid materials tech-
nologies and services. The 
combination defines knowledge 
intensive ‘key enabling technol-
ogies’ that are crucial for almost 
all technology-based value and 
innovation cycles. Efforts include 
combining new information 
communication technologies 
(e.g., “internet-of-things”) and 
process automation with better 
energy and resource efficiency. 
They enable ‘smart’, integrated 
networks of cyber-physical-sys-
tems (CPS). Likewise advance-
ment in education and training 
in materials science, in particu-
lar, in metallurgy, develop new 
tools for Materials Design by 
Function, Simulation and ‘End of 
life’ Design (for dismantling or 
recycling and re-use). In partic-
ular, new methods to regain 
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The US Federal Government recently launched the National Network 
for Manufacturing Innovation (NNMI) dedicated to the development 
and adoption of cutting-edge manufacturing technologies /3/. 
Currently eight NNMI institutes are dedicated to additive manufac-
turing, digital manufacturing and design, lightweight and modern 
metals, next generation power electronics, photonics and sensors, 
composite materials, flexible electronics and new textile fibers. The 
US also started its “Materials Genome Initiative” to map and deliver 
next-generation materials for manufacturing (Materials Digitization). 
The European Commission launched various programs in its Horizon 
2020 Framework Program for Research and Innovation (2014-2020) 
to support six “Key Enabling Technologies”: advanced manufactur-
ing, advanced materials, nano- and microelectronics, nanotechnol-
ogies, biotechnologies and photonics /4/. The European Institute of 
Technology has launched its Knowledge and Innovation Community 
(KIC) Program “Raw Materials” to research Life-Cycle-Management 
and the usage/re-usage of raw materials. Recently, the European 
Commission complemented its initiatives by founding the European 
Materials Characterization Council (EMCC) and the European Materi-
als Modelling Council (EMMC) /see 5 and refs therein/.

Life Cycle Assessment

Resource and energy efficiency are embedded in the broader “life 
cycle assessment” of a ‘holistic’ supply and value cycle. Linking 
advanced materials with new manufacturing processes and technol-
ogies creates additional added value.  For a product or service to 
be innovative, it must be market-disruptive – replacing an existing 
product or service. New products or services need to be affordable 
and introduced in timely manner. ‘Holistic’ affordability includes the 
ecological footprint. The amount of resources and energy consumed 
for manufacturing, the waste generated, the lifespans and the 
end-of-use management of components (e.g., recyclability) deter-
mine the full cost and feasibility of a product or service. For exam-
ple, metal and carbon-based composites – ‘advanced materials’ – are 
high performance, highly durable materials. However, they require 
considerable amounts of energy and other input to make. They are 
composed of various materials, often in small amounts and conse-
quently, production can involve high levels of waste and they are still 
difficult to recycle /6/. 

Research and innovation follow manufacturing. Complete value-cy-
cle open innovation (VCOI) concepts can provide new business 
services. VCOI is based on complete data compilation (not neces-
sarily ‘big data’) and sharing data across the entire value cycle in a 
similar manner as intellectual property (IP) is shared in Open Inno-
vation models. New business models will be created in the network 
using shared data just as new patents arise out of Open Innova-
tion networks. Cyber-Physical Systems, i.e., real time connectivity, 
de-centralized mobile communication and self-organization on a 
highly-automated manufacturing floor, are increasingly becoming 
real and operative. The integration of intelligent objects will require 
a new quality in storing and handling “data” in a robust and secure 
manner /7/. 

Materials Design by Function

Progress in advanced manufacturing is frequently based on the 
discovery and control of new properties of tailored materials. 
Research in advanced materials and engineering will deliver mate-
rials and treatments that are less toxic, more cost and resource-ef-
ficient or less burdening to the environment. Lightweight materials 
can make transportation cheaper by reducing vehicle weight, fuel 
consumption and waste emissions. Nanostructures for biotechnol-
ogies can be applied in new sensors, membranes and diagnostic 
systems for health care applications. This list is limited by imagi-
nation only. Any of the so-called grand societal challenges can be 
addressed by Materials Science and Engineering. Five main direc-
tions have been identified /8/:

• Research and development of advanced materials by function-
al properties.

• Development of design approaches to integrate advanced 
materials into structures and systems

• Development of eco-design principles, bio-inspired functional 
materials

• Performance modeling and control of materials within product 
life cycles, and

• Materials consumption and life cycle management of valuable 
materials

Materials with tailored functional properties create added value and 
optimize a specific application. For instance, solid state electronics 
are hitherto built on highly purified, high quality (single crystal) sili-
con.  Other compounds, such as GaAs, GaN or new carbon modifica-
tions, from diamond-like carbon films or 2-dimensional graphene, 
give rise to new solutions and applications based on uniquely 
tailored properties (see for instance /9//10/). 

Computational materials science has developed powerful methods 
to tailor materials with new properties and functionalities /11//12/. 
Key to the success of computational materials science have been 
advances in methodologies for multi-scale and multi-physics/chem-
istry simulations (/11/ and further references therein). These cover 
many spatial scales and various time scales. Simulation based on 
first-principles has established itself as a new and independent 
branch of physics next to theoretical physics and laboratory-based 
experimental physics. Modelling is becoming increasingly important 
for industry, too. Several companies have set up training courses to 
train staff in computational material sciences /12/. 

Materials by ‘End-of-Use’ Design and Management 

Materials Science and Engineering has led to a steadily increasing 
number of novel functional materials. Microelectronics, the automo-
tive industry and other industries using polymers or composite mate-
rials are steadily using more new interacting functional compounds. 
Many of these materials are only applied in minute amounts and yet 
they can become indispensable and often non-substitutable. Better 
logistics and design concepts for an effective recovery of essential 
materials, selectively and economically, are paramount concerns to 
novel material systems. The strategy is straightforward: optimize the 
use and minimize the dissipative losses (see also/13/). 

Fraunhofer USA – CMI: Bio-Printer for Multi-scale-Multi-Material 
Additive Manufacturing for Bio-materials and Tissue Engineering.




