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Abstract

Automation has been one of the key drivers of the modern Manufacturing Industry and it has been present in
various forms from the beginning of the industrial era until today passing through different evolutions
responding to human’s needs. Therefore automation and the manufacturing industry have undergone several
paradigm changes in the last century. They were driven by the market conditions and society needs and were
realized by timely developed engineering enabling technologies that fitted the paradigm requirements. This
paper maps the different paradigms in terms of market and societal drivers and process technology enablers
in order to show a consistent model of paradigm development, a model that links the product, and the
process with the appropriate business model. The Flexible Manufacturing Systems (FMS) have been
especially analysed as the major enabler to the mass customization paradigm. Summing up, a mapping
methodology, able to map all past, present and future production paradigms, is presented. An example on the
footwear sector has also been mapped and presented. The analysis is based on a survey conducted in
Europe and the USA mechanical industries during 2002. The analysis, carried out within the CIRP Working
Group on “Flexible Automation — Assessment and Future” has shown that new paradigms are emerging
beyond flexible automation, paradigms that require addressing new technological challenges. Developing
these new enabling technologies requires the establishment of new national RTD programmes. Therefore,
the role of past national RTD programmes in developing previous enabling technologies that eventually
elevated human wealth and life quality is also briefly mentioned. Foresight scenario building and
“roadmapping” activities —taking place in different relevant economic regions- are presented. They point to

new paradigms and technologies to be developed and call for new RTD programmes to be launched.
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1 INTRODUCTION

Automation has been and still is the key driver of the
transformation of production, from its birth as a modern
industrial revolution to the present and the future. All
production activities, whatever they are in push or pull
economical markets, are a careful balance between a fixed
and a flexible automation. In order to assess the past,
present and future of flexible automation, it is necessary to
evaluate the production paradigms, the respective drivers
and enablers and how they interact with the human and
industrial life cycle.

These aims will be addressed in this paper, based on the
work carried out by the CIRP Working Group A/M/O on
“Flexible Automation — Assessment and Future”. This

working group considered the exploration of new
paradigms and surveyed their industrial implementations,
specifically focusing on Flexible Manufacturing Systems
(FMS) and assessing the role of national and
supranational RTD programmes and initiatives.

Manufacturing industry since its birth -two centuries ago-
has undergone several revolutions, followed by
improvement periods, induced by various drivers, from
economy (market) to society (environment), to technology
(R&D based innovation).

Throughout such a process, several industrial paradigms
have been developed to respond to Natural, Economical,
Social and Technological (NEST) context changes and,
consequently, demand changes, that can hence be
considered as the drivers of evolution.

In turn, these paradigms have contributed to change the
context, according to a mutual impact mechanism where
R&D programmes (both public and private) play a crucial
role for innovation.

Manufacturing covers the Man-Industry Value Chain (M-I
VC), ranging from man’s needs to industry response,
through products, processes and services provided by
enterprises. It plays a very important role concerning
wealth, creation of jobs (directly as well as through related
services) and quality of life. In Europe, for instance,
manufacturing accounts for 40 million jobs directly and 80



million through different services. Its turnover is 4000
Billion EURO.

Driven by the NEST context changes, the M-l VC evolution
during the last 50 years has been based, among other
factors, on RTD innovation of industrial paradigms -from
Flexible Automation to the incoming Sustainable
Production- and related Transformation Processes (TPs)
and Enabling Technologies (ETs). Such an innovation —in
many cases- has been induced and supported by national
and supranational RTD programmes, initiatives and funds.

The NEST context is expected to undergo great changes
which will call for new RTD based innovation within the M-I
Value Chain. The NEST changes will span from man’s
new needs, to new domains such as bio and
nanotechnologies, to new environmental requirements, to
the relocation and restructuring of the industrial “fabric”
within a growing globalization. Such NEST context
changes will impact Manufacturing and require new visions
and actions by RTD actors, i.e. institutions, universities,
research institutes and centres, companies.

Despite such a context, the overall attention of the
institutions towards the M-I VC manufacturing scenario has
been decreasing with time [1]. Nowadays institutions are
focusing on some specific new areas, without catching the
relevance of a holistic approach to promote and sustain
manufacturing RTD.

Provided such a vision, the aim of this paper is to:

e Introduce a reference model for the analysis. It
represents the interaction, along the M-I VC, between
NEST context changes and industry, which respond
through manufacturing paradigms. They are supported
by RTD based evolution and education processes. This
will be addressed in paragraph 2.

e Analyse — using the model developed - the historical
and technological evolution of production paradigms,
from rigid to flexible automation to the incoming
sustainable production, driven by NEST context
changes and supported by RTD Programmes and
Initiatives. This will be addressed in paragraph 3.

e Present new manufacturing paradigms, as emerging
from foreseen scenarios, calling for new RTD
investments and the role of the actors concerned. This
will be addressed in paragraph 4.

2 REFERENCE MODEL FOR THE ANALYSIS

In this section, a reference model [2], describing the M-I
VC, is presented. It represents the macro components
linking man’s needs to the industrial “fabric” responding to
them, considering the drivers and the enablers for the
mechanism.

2.1 Man-Industry Value chain: role played by TPs

Man-Industry Value Chain (M-I VC) may be represented as
shown in Figure 1.

This shows that man’s needs are fulfilled, throughout his
life, by services provided by Transformation Processes
(TPs). This represents the initial basic assumption in
building the model described below.

TPs require artificial Enabling Technologies (aETs), such
as products, and natural Enabling Technologies (hETs),
such as human competences. The aETs and hETs are
provided, respectively, by Manufacturing and Education.

Any TP can be represented, using the IDEF-O
representation [3] as shown in Figure 2, in terms of:

¢ Input / output: materials, energy, information
¢ Means

« Controls

e Transformation Technologies

This approach enables to represent from a single
elementary Transformation Process (TP) to a very large
number of interrelated TPs, as for the production of a car.
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Figure 1: Man Industry Value Chain (M-I VC).

Any TP, during its Life Cycle (see Figure 2), provides
services to the entity, natural (man) or artificial (product), to
be transformed by inducing a species, a space or a time
transformation [4]. A TP may be managed by an individual
or a technological organization.

M-I VC: from man’s needs to man’s focused services.

This section focuses on the upper part of Figure 1, linking
Man’s needs to corresponding services provided by TPs.

Man’s main needs are, for instance, nutrition, health,
education, comfort, mobility, entertainment and so forth.

Such a demand is responded by services provided by
Transformation Processes (TPs). These may be classified
in four basic types, covering the entire range of possible
TPs.
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Figure 2: IDEF-0 representation of a Transformation
Process (TP), within a given NEST context.



Referring to Figure 1, such Transformation Processes as
TP1 and TP2 are those based on human Transformation
Technologies (hTTs), aided respectively by human ETs
(TP1) and artificial ETs (TP2).

TP3 and TP4 are those based on artificial Transformation
Technologies (aTTs), aided respectively by human ETs
(TP3) and artificial ETs (TP4).

The aETs come from the industry, while hETs come from
education.

Figure 2 provides the IDEF-O [4] representation of a
Transformation Process (TP). This is composed by a
Transformation Technology (TT), either artificial or human,
that is enabled by ETs (input/output, means or controls),
either artificial or human.

Negotiation between man’s needs (demand) and services
(response), provided by TPs (as above reported), is driven
and controlled by the NEST context concerned.

In such a way, the link between man’s needs and the
corresponding services provided by TPs can be modelled.

M-I VC: from consumer to basic Industry.

This section focuses on the lower part of Figure 1,
describing a twofold sequence of “stages”, covering from
the consumer to the basic industry supporting it, from the
competences to the education process supporting them.

Each “stage” provides, as demanded, products (aETs) to
the downstream “stages” and requires competences
(hETs) and products (aETs), respectively, from the
education system and the upstream industrial stages.

Figure 3 shows the life cycle of a Product (aET), which is
needed by Transformation Processes of the next “stages”,
such as stage n+1.
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Figure 3: Typical n™ industrial “stage” along the Man-
Industry Value Chain (M-I VC).

Some Transformation Processes (TPs) -design,
production, distribution- take place within “stage” n,
whereas the use process -with the related maintenance
and dismissal- takes place within “stage” n+1. The life
cycle of TPs is also shown as a horizontal component
sustaining product (aET) life cycle.

Figure 3 shows that demand, i.e. product (aETs) needs
from n+1 TPs processes, and response, i.e. products
(aETs) coming from nTPs processes, are controlled by the
NEST context and “meet” along the M-I VC, marking the
interaction between two stages. Any change in the NEST
context (demand) will require a change in response. In
turn, new responses may induce changes in the NEST
context.

The above may take place at two levels:

e General/conceptual level, making up the conceptual
interaction between NEST context “demand paradigms”
and industrial “response paradigms”.

e QOperational level, making up manufacturing activities,
within current NEST context “demand paradigms” and
industrial “response paradigms”.

Finally, the M-l VC may be seen as the “locus” of a long
sequence of demand-response ‘“transactions” at a
conceptual and at an operational level. The model
described provides a thorough representation of this
mechanism.

Paradigms may be considered as macro-features
describing the M-I VC and its evolution. It is hence
important to describe the historical and technological
evolution of the paradigms.

2.2 Evolution of the Man—Industry Value Chain

The evolution of the M-I VC has and is being driven by
man’s needs evolution and NEST context changes, asking
for new responses from industry.

The “response paradigms” have evolved starting from
handicraft manufacture, moving to industrial manufacture
and to RTD based Industry nowadays. Experience,
discoveries, inventions and, then, RTD activities, were and
are the enablers for “response paradigms”, their related
TPs and ETs, as well as their evolution.

Beginning in the 19th century and increasing during the
Second World War, R&D systematic activities were and
are among the major enablers (market pull) and, in some
cases, the drivers (technology push) of significant and
radical innovation of the industrial paradigms.

Changes within a current “demand paradigm”, leading to a
new one, may be seen as drivers for the development of a
new ‘response paradigm” and its related TPs and ETs,
which may occur either through progressive improvements
of a current paradigm or through radical major evolutions
to a new paradigm. Several paradigms can of course
coexist at the same time and/or in different places
according to the evolution of the society and its NEST.

As a new “response”, at any “stage” along the M-I VC, may
be based on RTD, it is necessary to connect the M-I VC to
the Research-Innovation Value Chain (R-I VC), which
operates to generate new paradigms and related TPs and
ETs.

The R-I VC, which is described in Figure 4 with its macro
components, represents the mechanism supporting the
evolution process. In particular, by supporting the
technological progress through paradigms adequately
responding to the evolving NEST context, the R-I VC
represents the instrument promoting the evolution of the
M-I VC described in Figure 1. It directly impacts each of
the highlighted “stages” and their supporting education
process, enabling them to provide the new responses
better fitting the context changes.



As shown in Figure 4, the R-I VC supports the evolution
process of new technologies all along their lifecycle, made
up of different stages of development, from Science to
Industrial Innovation. Such a development process is by no
means linear.

The actors involved in the R-1 VC range from Institutions
(setting up RTD policies and conceiving and launching
Programmes and Initiatives), to public and private actors
such as Universities, Research Institutes and Centres and
Companies carrying out RTD as well as education and
advising foresight activities.

The foresight process represents the strategic activity
producing “scenarios” for the actors involved. Foresight
may be seen as a systematic, participatory, future
intelligence gathering and medium-to-long-term vision-
building process aimed at present-day decisions and
mobilizing joint actions. This may be done by developing
R&D “Roadmaps” that define paths to the future
determined by the expected evolution of the NEST context.
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Figure 4: R-1 VC, Research-Innovation Value Chain.

The described actors, from Universities to Institutes and
Research Centres, may be considered on one hand as
experts and advisers for governmental RTD Institutions,
and on the other hand as the performers of RTD activities.

Besides describing the working mechanism which is the
basis of the R-1 VC, Figure 4 also reports the different time
horizons of the actors involved in it, both for the performers
(lower part) and for the Institutions (upper part)

Such a highly complex Research-Innovation process
should lead to new Paradigms and related TPs and ETs
responding to NEST context needs as they emerge from
the scenarios obtained through the foresight
“roadmapping” process.

In this context RTD governmental Programmes and
Initiatives may be considered as promoters and sustainers
of the development of industrial “response paradigms” and
related TPs and ETs, as will be further described in
paragraph 3.3.

The model presented so far will now be used for analysing

the past-current (paragraph 3) and the future (paragraph 4)
of the flexible automation and of the “entities” related to it.

3 FLEXIBLE AUTOMATION: FROM PAST TO
PRESENT

The model previously presented and the macro
components and links highlighted in it may now be used to:

e Assess “response” production paradigms against
NEST context demand Paradigms (paragraph 3.1).

e Show their evolution and study a specific application
(paragraph 3.2).

e Show the contribution of supranational and national
RTD programmes to paradigms evolution (paragraph
3.3).

3.1 Assessment of production paradigms

A technological paradigm may be assessed as an
integrated and finalized set of enablers to respond to a set
of context needs. A new paradigm may develop through
experience and/or RTD activities. It starts in a specific time
and context, and may coexist with past and new
paradigms, in different technological and geographical
“locations” [5].

In this paper we will consider the main production
paradigms, from Fixed Automation onwards, showing:

o when they were born;
e how they relate to context drivers;
e which enablers they are “made” of;

In order to map the production paradigms that emerged
during the years, the basic common necessities driving
their beginning must be highlighted. The final goal is to
come up with considerations concerning past and present
trends, eventually aiming at foreseeing future necessities.

According to the proposed model, the context can be
considered as the driver for the evolution, as it changes
during the years, defining new necessities and hence TPs
(providing the necessary services) composed of new TTs
and ETs. This means that the time can be a first suitable
category to map the production paradigms.

As specified in the model, the context is made up of such
elements as existing technologies, society and market. As
widely agreed, the most relevant tendency that occurred
during the years moved from the request for high volumes
of undistinguished products to be sold at widely affordable
prices, to the current request for customized, continuously
changing products. In parallel, in the society the request
for environmentally friendly products became more and
more important, also pushing for continuous modification
of environmental laws and, hence, of products. Four main
requirements, hence, emerged, during the years, driven by
market competition and society:

e need for lower prices;

e need for customization;

e need for innovation;

e need for environment consciousness

Such requirements impacted production inducing three
main common necessities, which were faced by different
production paradigms:

e productivity;

e customization;

o agility;

The production paradigms that emerged during the years
can be grouped according to these basic common
necessities. As previously highlighted in paragraph 2.2, the
mechanism connecting “demand paradigms” (defined by
the NEST context and highlighted by foresight and road
mapping activities) to “response paradigms” (implemented
by the industry through education and R&D programs) can



be approached at two levels, conceptual and operational,
as described below.

Conceptual level assessment

At this level of approach, production paradigms can be
assessed as production strategies adopted to cope with
context needs.

In modern times, four production paradigms can be
identified in the consumer goods manufacturing: Craft
Production, Mass Production, Flexible Production and
Mass Customization. Below we briefly elaborate on these
paradigms.

Craft Production Craft production means to make exactly
the product that the customer asks for, usually one product
at a time. The customer first pays for the product (at least
a partial payment), then the product is designed for the
customer, and only then it is made. That means that the
craft producer is using a pull-type business model: Sell,
Design, Make, Assemble. The craft producer utilizes high
skill workers and simple, but flexible machines to produce
the products.

Mass Production Mass production means to produce
extremely high quantities of identical products, and selling
them to customers that will always be there to buy them.
Because of the large quantities, products can be produced
at a low cost, which, in turn, increases the number of
people who can afford to buy the product. Therefore, Mass
Production implements a push-type business model:
Design, Make, Assemble, Sell. This business model can
flourish as long as demand will exceed the supply.

The invention of the moving assembly line by Henry Ford
in 1913 marks the beginning of this paradigm, which
flourished during most part of the 20th Century requiring
machinery to substitute human skills in such production
systems as Dedicated Machining Lines (DMLs).

Flexible Production was introduced in the 1970s in order
to respond to a change in the market, that started to be
saturated by mass produced goods, and a request for
more diversified products. The lot size decreased as the
products were introduced more and more frequently on the
market trying to adapt themselves to the taste of the
customer. The mixed type business model Push-Pull:

design-make-sell-assemble dominates this paradigm. The
components of the products are still produced following
the Mass Production paradigm but they are assembled
only after the client has decided some optional.

Mass Customization and Personalization means to
produce a variety of almost-customized products at mass-
production prices. It is a society-driven paradigm, as
customers are asking for a larger variety in consumer
products. They can get what they want because the
market condition has changed since the 1990’s from
demand exceeding the supply, to the supply exceeding the
demand. This Mass Customization and Personalization
paradigm is driven by globalization, intended as the
creation of a single, worldwide market. Globalization
creates a huge excess global production capacity of high
quality products that can be produced in many countries.
(For example, in 2002 the worldwide capacity of
automobile production was 80 million vehicles, while only
about 50 million vehicles were sold) These circumstances
created a situation in which consumers have more power
not only in choosing exactly the product that fits their
needs and taste, but also in ordering it and getting it in a
reasonable time.

Dell Computers is an example that proves how IT and
Internet assist in making the business in this paradigm.
Computers, however, are simple products compared to
cars, for example. The automotive industry must cope with
large fluctuations in product demand caused by the current
global excess production capacity. The technological tools
that enable industry to compete in this environment are a
new type of systems, i.e. Reconfigurable Manufacturing
System (RMS), that have a production capacity that can be
rapidly adapted to market demand.

This current paradigm is based on a pull-type business
model: Sell, Design, Make, Assemble. Dell Computers, for
example, first sells the computer, then designs its
architecture, and only then assembles it and delivers the
customized computer. Utilizing the advanced Information
Technology and the Internet, which became a commercial
tool at the turn of the 20th Century, enables this paradigm.

Mass
Paradiam Craft Mass Flexible Customization Sustainable
g Production Production Production and Production
Personalization
Paradigm - N s
started 1850 1913 1980 2000 20207
Society Customized Low cost Variety of Customized Clean
Needs products products Products Products Products
Very small Demand > Supply > Demand Globalization Envi
nvironment
Market volume per Supply Smaller volume .
product Steady demand per product Fluctuating
demand
Pull
Business PuII_ _Push Pl_Jsh-PuII _PuII Design for
sell-design- design-make- design-make- design-sell- ;
Model environment-sell-
make-assemble assemble-sell sell-assemble make-assemble
make-assemble
Technology - Interchangeable Information Nano/Bio/Material
Enabler Electricity parts Computers Technology Technology
Moving .
Process . . Increasing
Enabler Machine Tools AssemeI{/)llLLlne & FMS Robots RMS Manufacturing

Table 1: Evolution of production paradigms.
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As we see, each manufacturing paradigm has a different
driver that originates either from society needs or from the
market conditions at the paradigm period. We have also
seen that each paradigm has a technology enabler of very
different type, and a different manufacturing system (which
is the process enabler) that fits the paradigm principles.

Furthermore, each paradigm has its business model that
fits the paradigm in addressing society needs and market
conditions. All these factors are summarized in Table 1.

In the table, the new emerging paradigm of Sustainable
Production is also reported, which is based on society
needs for a better environment and therefore “clean
products”.

The new emerging technologies of nano, bio and material
technology alone or combined will provide the possibility to
attain this requirements, and the process enabler of
Increasing Manufacturing (based on adding atom to atom)
will become the breakthrough strategy to realize the goals
of society in 2020 and on.

Figure 5 shows how paradigms and their corresponding
manufacturing systems are developed with the changing
society needs and market requirements.

Globalization means not only that large companies are
becoming global in terms of their production facilities and
sales, but also that those companies:

e Must produce a variety of innovative products to supply
customers’ taste and preferences in different countries
or regional segments with a variety of personal
preferences within each region. This trend towards
personalized production can be met only if products
become more modular, and even reconfigurable to
some degree.

e Must cope with large fluctuations in product demand
caused by the current global excess production
capacity; this could be done by utilizing reconfigurable
manufacturing systems that have a production capacity
adaptable to market demand.

e Should develop new business models that take
advantage of the opportunities provided by the Internet
to move towards pure pull-type business models that
enhance sales and customer relationships and enable

a rapid response to customer needs. The rapid
response comprehends also the capability to introduce
new products within short windows of opportunity,
which can be done by building virtual enterprises that
can be formed and dissolved according to
opportunities.

By considering also these factors, Figure 5 shows a
comprehensive model illustrating the relationships in four
paradigms between input drivers — market and society
needs — process enablers (i.e., the type of manufacturing
systems), the product architecture, and a simplified
business model. This model shows how production
paradigms shift with time.

It is necessary to notice that the time periods in Figure 5 fit
the Western World, in which the current paradigm of mass
customization and personalization started around the year
2000, and it is coupled with the market fluctuations
occurring with globalization. However, it is necessary to
consider that, for example, the internal Chinese market is
just entering now the mass-production era. That means
that Chinese manufacturing companies need to possess a
wide-range portfolio consisting of DMLs, FMSs, and RMSs
to respond to internal needs simultaneously with exporting
consumer goods to the global market.

The Sustainable Production paradigm will still shift the loop
in a direction difficult to predict yet.

Operational level assessment

A parallel mapping can be conducted at an operational
level, where the enablers developed to cope with the
production concepts previously described, must be
assessed. In this case, hence, the specific technologies
and practices developed to implement the production
paradigms previously described can be analyzed.
According to the proposed model, this refers to mapping
the TPs, ETs, developed through the R-1 VC.

Considering the three main described categories of
necessities driven by market competition and social trends,
three main corresponding areas of research can be
highlighted: Automation, Mass Customization and Agile
Production. Each of them corresponds to specific
production paradigms that have emerged during the years,



and that can consequently be mapped according to the
proposed scheme summarized in Table 2.

Aim Research Enabling operational
area paradigm
Fixed automation
Productivity Automation )
Programmable automation
Flexible Automation
Mass

Lean Production
CIM

Customization Customization

Virtual Enterprise

Holonic Manufacturing

Reconfigurable
Manufacturing

Agile
Production

Service Manufacturing

Table 2: General aims, research areas and corresponding
enabling operational paradigms.

Such traditional paradigms as Fixed and Programmable
Automation aimed at coping with the first common
necessity, productivity. In general terms, automated
transfer lines were the instruments to increase quality and
production rates to reduce the final cost per part and
hence enable high volumes productions [6].

Flexible automation, Lean production (through the JIT,
mixed model and six sigma philosophies), CIM, and Mass
Customization cope with the second necessity. These
paradigms share the aim of reducing the set up time to
shift between different variants, enlarging the mix of parts
to be supplied to the market in an economical manner.
Customization can hence be considered as the basic
common objective pursued by these paradigms, and Mass
Customization [7] [8] [9] [10] [11] [12] implements it at the
highest degree.
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Figure 6: Phases of the lifecycle, paradigms and level of
approach.

Agile Production, Virtual Enterprise/Networked
Organizations, Holonic Manufacturing, Reconfigurable
Manufacturing and Service Manufacturing, though
maintaining the previous one as a necessity, mostly cope
with the third basic common necessity. The emphasis is on
disturbances and frequent changes rather than the mere
spectrum of parts, consequently involving the system, as

well as product life cycle considerations in the goal of
economic effectiveness. Agile Production encompasses
such a philosophy in its wider meaning, aiming at enabling
companies to catch the opportunities arising in dynamic
markets [13] [14] [15] [16] [17] [18].

To complete the mapping, the level of approach
characterizing each production paradigm has also to be
considered, as different paradigms address the TPs at
different levels. The approach proposed concerning
Changeability [19] [20] provides a suitable example in
stating the link between the level of approach and the
phases of the lifecycle addressed by different paradigms,
as summarized in Figure 6.

Besides the drivers pushing for the creation of new
paradigms, to complete the mapping of the “response”
paradigms, an analysis of the ETs for each of them must
be carried out.

To this end, the described reference model provides a
useful instrument. According to it, in fact, the enablers for
each paradigm can be specified in terms of the phase of
the life cycle they address and, inside each phase, in
terms of the kind of input (material, information, energy),
means and control methods they address. As a
consequence, the mapping at an operational level can be
further described as shown in Figure 7.
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Figure 7: Mapping drivers and enablers of, respectively,
NEST context demand Paradigms and Industrial
Response Paradigms, at an operational level (TPs, ETs).

The term Automation was introduced [6] by Harder in 1946
to describe the production practices developed, as
previously described, to respond to a context oriented
towards productivity and repeatable quality. Though
introduced in the middle of the 20th century, it is still
adopted in several sectors embodied by such production
paradigms as Fixed and Programmable Automation [6]
[21] [22] [23] [24] [25].

The enablers developed for them mostly impact the TP
design (machines, line, control) and use (specialization,
use of dedicated stations) phases, mostly addressing
means (machines, PLCs) and controls (programmes). The
level of approach mostly refers to the single station and the
connection between groups of machines.

Flexible Automation [6] [17] [26] [27] [28] [29], which
developed at the beginning of the ‘70s as a research topic
and has been adopted as a real application since the ‘80s,
pushes for set up times reduction to enable wide mixes of
components, exploiting such enablers as robots and
machining centres. The main impact, hence, refers to
design (parallel layout, machining centres, FMS) and the



method adopted in the use phase (unmanned, centralized
control).

The paradigm of CIM [30] [31] [32] [33] [34] consists of an
“‘extensive use of computer systems to design the
products, plan the production, control the operations and
accomplish many of the business-related functions in a
manufacturing firm” [6]. It started during the ‘80s, when
computer systems became reality, and were heavily
involving the management of information inside the firm.

On the other hand, Lean Production [35] [36] [37] [38] [39]
can be considered as a collection of techniques (mostly
referred to production management) aimed at using “less
of everything compared with Mass Production, less of the
human in the factory, less manufacturing space, less of the
investment in tools, less in engineering hours to develop a
new product in less time. Also, it requires keeping far less
the needed inventory on site, results in many fewer
defects, and produces a greater and ever growing variety
of products” [39].

The paradigms concerned with Agile Production mostly
appeared as research topics during the ‘90s.

The Virtual Enterprise/Networked Organization paradigm
[40] [41] [42] [43] [44] is based on the idea of cooperating
among industries sharing knowledge and competencies to
catch market opportunities. The management of the entire
life cycle of the cooperation plays a crucial role for the
success (which is typical, as previously stated, of the
agility oriented paradigms), from the design to the
implementation, the use and the dismissal (after several
possible reconfigurations) of the relationship. The focus is
on the knowledge-share, hence mostly impacting the
information as an input for each phase, but also involving
the means to implement the cooperation as well as the
cooperation control.

The Holonic Manufacturing paradigm [45] [46] [47] [48] [49]
[50] mostly focuses on the control level and, more
specifically, on the concept of autonomous cooperating
agents (holons) operating in the shop floor. Both the
design, the implementation, the wuse and the
reconfiguration of the control are involved in the paradigm.

Reconfigurable Manufacturing [51] [52] [53] [54] [55] [56]
[57] impacts the single machine (RMT) as well as the
control (distributed controls) and the whole system (RMS),
involving the whole TP lifecycle.

Service Manufacturing [8] [58] [59] [60] focuses on the way
responsibilities are allocated inside the value creation
process, aimed at improving the OEMs agility through
suitable contracts signed with Manufacturing Service
Providers (e.g. pay per part, pay per use, pay per
availability, and other mechanisms as proposed by Seliger
[61], Urbani [62] [63] and others [64] [65]). The impact is
mostly on means, addressing all the phases of the LC at
manufacturing level.

In parallel with the three main drivers considered so far
(price, customization, innovation), the environmental
consciousness previously mentioned has also played a
crucial role in the last decades. Two main effects derive
from such a social driver:

« the necessity to frequently update the products;

o the necessity to stress the importance of dismissal and
recycling inside the life cycle management;

The first one has already been considered as an
innovation aspect, mostly addressed by the production
paradigms oriented to Agile Production described so far.
The second is mostly addressed in the paradigm of
Sustainable Production [66] [67] [68] [69] [70] [71] [72] [73],
focusing, for the future manufacturing, on new materials,
as well as dismissal and recycling techniques and design
for disassembling methodologies.

Summing up, after a conceptual level assessment, a
model has been the basis for consistently assessing the
development of several paradigms in terms of market and
societal drivers as well as of technological enablers. This
has been mapped according to the methodology
represented in Figure 7. Consequently, an example on a
vertical sector (footwear) has also been mapped, as is
presented below.

3.2 Application to the shoe production

It is clear that the various paradigms described in the
previous paragraph are rarely applied individually in the
various manufacturing sectors and, actually, few of them
coexist according to the drivers applicable to the sector at
a specific moment in time and location. Location is also an
important factor because the same paradigm could be
applied in a certain region of the globe but not in another.

The shoe product and the footwear industry will be taken
as an example of the above described concepts. In
particular, we will describe the evolution of the drivers and
the enablers that sustained the appropriate applicable
production paradigm.

The shoe industry has gone through more or less the
same market requirements as other products: from a craft
(artefact) manufacturing all hand-made to machine-aided
and mass production in the ‘60s. Because the shoe
manufacturing still requires a high degree of hand work
particularly in the final assembly, the mass production
paradigm, required up to the ‘80s, pushed a de-localization
of the manufacturing in low-wages countries (driver
“price”). In order to protect their investments and their
world market position, the European companies pushed
towards more automation and innovation particularly in the
product design and machine automation.

Figure 8: Flexible automated pilot plant for mass
customized shoes: Italian National Program for Innovative
Production Systems (PNR-SPI6).

The requirements of drivers like “price” and “innovation”
generated research projects in this direction such as the
National Research Programme for Innovative Production
Systems (PNR-SPI) in lItaly, that was translated in the
footwear sector by the SPI 6 [74] that provided, as a result,
the pilot plant shown in Figure 8.

The results of this project (terminated in the middle of the
‘90s, see Figure 9) were a set of innovative machines with
increased flexibility (lot size near 1 but with not such a
great variability) and increased knowledge tools for product
design (CAD) and manufacturability (CAM). The system
approach also pushed towards integration and control
innovation.
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Figure 9: Mapping of the evolution of the production
paradigms in the shoe industry: flexibility oriented (SPI 6,
light grey), customization oriented (EUROShoE project,
dark grey).

The following driver taking importance in the ‘90s is
“customization”. The consumer became the centre of all
the activities and for the shoe in particular the ability to
design the shoe for the individual consumer needs became
the centre of the research activities in the footwear sector.
Technology enablers in the data capture, data
transformation, knowledge based and highly flexible but
also reconfigurable machines and production systems
were developed in projects like EUROShoE [75] [76],
CICLOP, etc (see Figure 9). However, the whole value
chain had to be reassessed and also the production
control, logistics, production networks (extended
enterprise), standardization had to be innovated and highly
integrated.

Finally today we are looking at the “environment” as the
future driver. Society requires 100% environmental free
products and related processes maintaining the degree of
comfort and customization acquired in the present. A
proposal for a new R&D project called CEC-made-shoe
(Comfortable Environmental Customized shoe made) has
been presented for funding at the European Commission
by a large consortium of over 50 partners. The project will
look at a set of completely new technologies and
innovation (“breakthrough”) for the footwear sector aiming
at new materials, new embedded ICT, new sensors, new
production technologies all human centred but considering
the whole life cycle of the human being from babyhood to
old age.

It is important to notice also that the new drivers of society
and market require a shift in research paradigm from small
projects with limited innovation potential (“price” reduction
by increased “automation) to larger projects with larger
innovation potential (from “mass production” to “mass
customization” by increased “flexibility and
reconfigurability” and “knowledge based system”). The
next step is focused on even larger scale research projects
— programmes — with innovation potential to solve huge
societal needs like “environment” and the whole life cycle
of the human being.

3.3 The promoting and sustaining role of
Manufacturing RTD

The evolution of Man-Industry Value Chain — and, hence,
of manufacturing “response paradigms” — described in
paragraph 2.2 relies on RTD based Innovation [77],
integrated by continuous improvement as modelled by the
R-1 VC. To stress this mechanism supporting the described

paradigm evolution, the last RTD programmes will be
briefly analysed with respect to different regions.

In the past 40 years advanced countries - i.e. USA, Japan,
single European Countries and more recently European
Union - have launched RTD Programmes leading to the
development of:

o “milestones” of the last Industrial Revolution, such as:
N/C, CAD, CAE, CIM, FMS;

e new Paradigms and relevant TPs and ETs: from
flexible automation to the incoming sustainable
production (see paragraph 3.1);

In the last ten years -in the advanced countries-
Government investments in research and in particular
manufacturing RTD has been decreasing, while moving
toward medium-long term. In the same period, Industry
investment in Manufacturing RTD has been increasing and
getting closer to market. New emerging countries have
started investing in manufacturing RTD.

Relevant examples - concerning advanced (Japan US,
EU) and new emerging countries (China) - are reported in
the following paragraphs. They cover from the late ‘70s up
to now, and supported the development of the paradigms
dealt with in paragraph 3.1.

Manufacturing RTD Programmes in Japan

Japan, in 1977, launched the largest RTD initiative to
promote the paradigm of Flexible Automation and related
TPs and ETs. It was named “The Flexible Manufacturing
System Complex provided with laser’. Some other
Programmes followed since those days [78]. Table 3
shows some of their features.

MAIN GOAL FOCUS
Name of RTD

Programme . RTD
Industry | Society Actors

Flexible Manufacturing
System Complex

1 provided with Laser X

FY1977-1983
13BYen

Advanced Material
Processing and
2| Machining Technology X X
FY 1986-1993
15BYen

Digital Meister
3 FY2001-2003 X X
6BYen

Table 3: Japan special RTD Manufacturing Programmes
launched by MITI, Minister of International Trade and

Industry of Japan.
Research Results ETs Processes concerned TPs
TT Cc M&S | E/O Design Production | Distribution
1 X X X X X
2 X X
3 X X X X

Table 4: Japan: special RTD Manufacturing Programmes,
TPs and ETs concerned (legenda: TT: Transformation
Technology; C: Controls; M&S: Machinery & Systems;

E/O: Enterprise/Organization).

The related TPs and ETs are schematically summarized in
Table 4.



The technological enabling operational paradigms
concerned ranged from flexible automation to holonic
systems. Special funds were available for Universities and
Research Institutes.

Manufacturing RTD Funds and Programmes in USA

Several federal programs have supported manufacturing
RTD.

The Manufacturing Extension Partnership programmes
(MEP) assisted small and medium-sized manufacturers in
areas involving technological change [79]. The Advanced
Technology Program (ATP) supporting emerging and
enabling technologies for improved products and industrial
processes.

The Next-Generation Manufacturing (NGM) project was
initiated in 1995. As a bottom up, industry-led effort,
supported by DOE (Dept. of Energy), DOD (Dept. of
Defence), NIST (Inst. Of Standard and Technology), NSF
(National Science Foundation), it intended to [80]:

e develop a broadly accepted model of future
manufacturing enterprises;

e recommend actions that manufacturers, working
individually and in partnership with government,
industry, and the academic community, can use to
attain world-class status;

Following the Next-Generation Manufacturing Project,
ended in 1997, the integrated Manufacturing Technology
Roadmapping (IMTR) Initiative —supported by NIST, DOE,
NSF and DARPA- was launched in 1998 to develop a R&D
agenda that [81]:

e defines key technologies goals that cross all
manufacturing sectors;

e provides focus for concentrated effort to achieve goals;

« promotes collaborative R&D to deliver solutions to
critical requirements.

Manufacturing RTD Programmes in Europe

In this case, three levels must be considered: European
Union, National States, and Regions. The first two will be
considered.

European Union Framework Programmes

The European Commission has promoted and sustained
six RTD programmes since 1982 [82].

MAIN GOALS FOCUS
RTD
Actors

FP1
1984-1987 ® D D

3,750 MECU
FP2
1987-1991
5,396 MECU
FP3
1990-1994
6,600 MECU
FP4
1994-1998
10,254 MECU
FP5
1998-2002
14,960 MEuro

FP6
2002-2006 . D D
17,500 MEuro (ERA)

Framework

Programmes Industry | Society

O D

O D

O
D O

Table 5: EU Framework Programmes
(®, O, D: focus ranking).

In 1984 the first Framework Programme - structuring and
finalizing specific programmes and Initiatives - were
launched, as shown in Table 5. The sixth Framework
Programme was launched in 2002 to last until 2006.

The various Framework Programmes have promoted and
financially sustained RTD activities oriented to the
development of new paradigms and related TPs and ETs,
at various levels, from machines to extended enterprises,
as summarized by Table 6.

Research Results ETs Processes concerned TPs
TT C M&S | E/O | Design | Production | Distribution
1 X X X X
2 X X X X
3 X X X X
4 X X X X X
5 X X X X
6 X X X X

Table 6: EU RTD Manufacturing Programmes, TPs and
ETs concerned (legenda: TT: Transformation Technology;
C: Controls; M&S: Machinery & Systems; E/O:
Enterprise/Organization)

European National Programmes

Most of the European Countries, since the beginning of the
'80s up to now, launched RTD funds addressing the
manufacturing field. Some countries launched national
programmes, such as Germany and ltaly.

Name of RTD

Programme MAIN GOAL FOCUS

RTD
Actors

Industry | Society

Research for the Production °
of Tomorrow, 1999-2003

Production 2000,
1995-1999 ® Q

Quality Management,
1992-1996

Manufacturing Technology,
1988-1992

Manufacturing Technology,
1984-1987

Manufacturing Technology,
1980-1983 ¢ o
Table 7: German RTD Manufacturing Programmes
(@, O, D: focus ranking).

o o O
(@)

Research Results (ETs)
T Cc M&S | E/O

11 X X X
2| X X X X
3] X X X
4l X X
5/ X X

6| X X

Table 8: German RTD Manufacturing Programmes, ETs
concerned (legenda: see Table 6).



The German Government has launched, starting in 1983,
Programmes addressing from manufacturing technologies
to quality management [83].

The goal focus of such programmes is shown in Table 7.
The research results concerning ETs, classified following
the reference model shown in Figure 2, are reported in

Table 8 (concerning ETs), while the concerned TPs are
shown in Table 9.

Processes concerned (TPs)

Design |Production| Distribution Mainltj::ance g:ascr;l::lsnagl
11 X X X
2| X X X
3] X X
4] X X X
5 X
6 X

Table 9: German RTD Manufacturing Programmes, TPs
concerned.

Starting in 1983, in Italy the National Research Council has
launched such research programmes as:

o the “Targeted Research Programmes on Mechanical
Technology” (PFTM-CNR), mostly addressing the FMS
development and implementation [84];

o the “Targeted Research Programmes on Robotic
Systems” (PFR-CNR), focusing on new robotic systems
and applications [85];

Starting from 1995 the Italian Ministry of Education,
University and Research (MIUR) launched the National
Research Programmes on Innovative Production Systems
(PNR-SPI) [2].

Special funds for industrial RTD and university research
were made available since 1982.

lerrggerg:‘n F;TB MAIN GOAL FOCUS
Industry [Society AI:;I'OIZ:S

M sewo | ® | O | O

e | 0 | 0 | O

PNR—S7PSI S:l?r%-w%) () Q o

Table 10: Italian RTD Manufacturing Programmes
(@, O, D: focus ranking).

Research Results (ETs) co:::;zsdsﬁips)
TT | C |M&S |E/O| design | production
PFTM-CNR X | X X X X
PFR-CNR X X X X
PNR-SPI X X X X

Table 11: ltalian special RTD Manufacturing (legenda: TT:
Transformation Technology; C: Controls; M&S: Machinery
& Systems; E/O: Enterprise/Organization).

The EUREKA Initiative

The EUREKA initiative [86] has already launched about
2400 market oriented projects, “clusters projects” (such as
MEDEA, DNA) and “umbrella projects”, such as FAMOS,
This aimed at developing pilot systems/plants.

The total investment up to now is about 20 BEuro.
EUREKA currently has 34 full member countries.

The EUREKA projects are market oriented. They are
proposed (bottom up approach) by consortia composed of
technology suppliers, end users, research institutions.

EUREKA FAMOS [87] launched 36 projects of which 29
aiming at flexible automated pilot systems/plants and 7
aiming at specific ETs. The estimated cost was
600MEURO, with 184 partners, from 18 countries,
covering 17 industrial sectors.

Manufacturing RTD Programmes in China

The First Chinese government programme (the "National
Programme for Key S&T Projects") started in 1982 as a
critical component of the five-year plans for the national
economic and social development. The objective of the
programme is to find solutions to the scientific and
technological bottlenecks in the national economic and
social development.

The programme is funded by both the central and local
governments, and supplemented by financial inputs from
different industrial sectors and institutions. The
government investment on the programme during the
Eighth Five-year Plan period (1991-1995) was about 4
billion Euro.

The National High Technology R&D Programme Launched
in 1986 was designed to pool the best technological
resources in China for the purpose of keeping up with the
world's high technology advances in certain fields, aiming
at closing the gap between China and other countries in
several critical areas

The National Programme for Key Basic Research Projects
was initiated in 1991. The programme is designed to
conduct high quality research on major scientific issues
that have an important bearing on the nation's science and
technology, as well as economic and social development,
aiming at bringing great contributions to the national and
world's scientific advances and social progress.

Global Initiatives: the IMS programme

More than 10 years ago the IMS programme [88] started
based on an idea of Prof. Yoshikawa. It provides an
example of a supranational program aimed at analyzing
the existing NEST context and trends to asses future
scenarios and corresponding enablers to be developed in
targeted research projects that are consequently
supported. It hence represents a valuable further example
to complete the overview on existing research programs
and the role they play in the R-1 VC.

Seven different regions (Australia, Canada, the European
Union and Norway, Japan, Korea, Switzerland, USA)
participate in the programme, with a total value of
endorsed projects of about 250 MEuro.

In the years 2000 and 2003 a vision assessment was
performed. A summary with some interesting evaluations
are given as follows.

e The boom goes on and on (in the year 2000).

— scenario appears to project current trends (Is the
boom confined to certain sectors and types of firm?
How to make other sectors and SMEs become
knowledge-based?);

— Al redefined as knowledge based decision logic tools
which could help to sustain the boom;



e Hard times are here again (in the year 2003).

- stock market collapse will have disproportionate
effect on technology utilization;

- risk to financial system through hacker attack needs
to be met by ongoing development of security &
encryption technologies;

- threat to distributed manufacturing;
¢ We all got too warm (future).

- planet friendly technologies available now but socio-
political barriers, reluctance to abandon sunk costs;

- need political framework, e.g. for cross-border
recycling;

- easier to comply if manufacturers retain ownership of
hardware through whole life and provide as Service;

- importance of IT/sensors to monitor.

Such assessments resulted in RTD projects supported in
different areas, referring to different TPs and addressing
relevant ETs according to the above vision. This is
summarized in Table 12, mapping 9 of the 12 projects
completed since 1992, while 19 additional projects have
been endorsed and 8 more are endorsement pending.

Acronym Areas TPs ETs
GNOSIS J, EU, CDN, CH All E/O
MISSION J, EU, USA Design E/O
TES J, EU, AUS, USA Dismissal TT
SIMON EU, CDN, USA, J Production TT,C
HUTOP | J, EU, CDN, CH PrDOZSu'S{i‘C’m MT;-é,
GLOBEMEN | AUS, EU, J, CH Distribution M&S
INTELLIWOOD| EU, USA, AUS Use/maint. M&S
CA(\BPLS?)QEN EU, USA, J Production M&S
3DS USA, EU, J Design M&S

Table 12: Examples of projects supported by the inter-
regional IMS Programme, specified in terms of TPs and
ETs (legenda: TT: Transformation Technology; C:
Controls; M&S: Machinery & Systems; E/O:
Enterprise/Organization)

Some conclusions

The previous analysis showed the support that
Governments provided to RTD manufacturing programmes
and Initiatives. This support concerned:

o different paradigms —among those studied in paragraph
3.1— from Flexible Automation to the incoming
Sustainable Production;

o different Transformation Processes (TPs) and Enabling
Technologies (ETs), covering from Transformation
Technologies to machineries, systems and controls,
from components to the extended factory level.

With the help of such programmes, manufacturing has
reached a technological capability never achieved before
in human history.

Now new challenges (driven by man’s needs and NEST
context changes) call for a new global effort, to be
promoted by Governments as well as industry, to support
the development of new paradigms and related TPs/ETs
by investing in RTD for advanced knowledge based
manufacturing.

4. FLEXIBLE
PARADIGMS

In the excursus for the study of the present and future of
Flexible Automation, we have first described the macro
components of the model, pulled by the NEST context and
its variations, that generate “demand paradigms”
(paragraph 2). Then, we have shown that industry,
supported by education, as well as the R&D process (R-I
VC), copes with them through “response paradigms”.

After that, we have assessed the historical evolution of the
highlighted demand-response mechanism (paragraph 3),
describing the paradigms that rose during the years and
the evolution that lead to the paradigm of Flexible
Production. This is now evolving towards such new
concepts as Mass Customization and Sustainable
Production. Besides the general conceptual level, the
analysis has been conducted at an operational level,
where different “responses” rose under the impulse of
Flexible Automation.

We can now focus the analysis on the possible future
evolutions and needs, both at a conceptual and at an
operational level.

To this aim, a survey concerning the present and future of
Flexible Manufacturing Systems (FMS) is presented,
approaching such an issue at an operational level.

Then, future general scenarios will be assessed through
the analysis of foresight activities conducted in different
relevant areas (USA, EU), providing higher-level
indications.

It will be possible, then, to draw some conclusions about
the future of Flexible Automation.

4.1 FMS Survey Results

At an operational level, several field studies about FMS
performances have been carried out in the last decade. To
deepen and update the analysis, within the CIRP Working
Group A/M/O on “Flexible Automation — Assessment and
Future” a new survey [89] was conducted by Koren and
Boér to analyse some experiences concerning the current
use of Flexible Manufacturing Systems (FMS) and the
degree of satisfaction currently achieved, aiming at stating
relevant directions for future evolutions.

Several companies where asked to provide information
about:

o the type of flexible system they installed;
o their experience with the system;
o the most relevant future directions of development.;

The most relevant findings can be summarised in the
following points:

+ Respondents were equally divided whether FMSs were
being operated close to their potential performance
(41% YES; 41% NO) and whether FMS’s performance
had met their expectations (35% YES; 25% NO). 20%
of FMSs failed and are not currently utilised.

e The industry is very dissatisfied with the initial capital
investment in FMSs, and is not pleased with the cost of
maintenance.

e Industry is purchasing more capacity and functionality
than initially needed. This extra capacity was never
utilised in 20% of the cases, and the extra functionality
was never utilised in 30% of the cases.

e Although industry is interested in adding more capacity
and functionality into the exiting system, they consider
FMSs to be an expensive solution.

Provided these findings, the respondents indicated such
major areas that require research as Reconfigurable
Systems, maintenance, operating systems with multiple
products and workforce training. Some other areas that

AUTOMATION: TOWARDS NEW



require research were indicated: system throughput,
reduction in ramp-up time, flexible fixtures, open-
controllers, high-speed machining.

Based on the obtained results, conclusions were drawn
inside the working group concerning the most relevant
topics to be addressed in the future. In particular, such
major research topics were indicated as system cost (as
this resulted to be by far the most important factor in future
success of large manufacturing systems) and system
reconfiguration capabilities (as this was the second ranked
important issue, including machine modularity and ease of
upgrading system capacity or to new technologies).
Consequently, future research should be focused on:

e reduction of system cost;
e Design of system for reconfiguration;

It is important to notice that the emphasis on cost and their
occurring in system reconfigurations shifts the attention on
the management of the entire lifecycle of manufacturing
systems, which is the direction selected by the model
presented in paragraph 2 (see Figure 3).

To better highlight the indication for the future, hence, the
structure of the questionnaire can be integrated into the
proposed reference model described in Figure 1, and more
specifically in the demand-response mechanism shown in
Figure 3. The response, in fact, that a system can give to
the request coming from an upper “stage” is just a part of
its lifecycle, as it is also made of phases (such as design
and implementation) occurring before the actual
installation of the system, but deeply impacting the
effectiveness of the response, as well. Thus the model
can be used to thoroughly address the survey and hence
obtain reliable indication about the future. The selected
approach is summarized in Table 13.

TOTAL NUMBER OF QUESTIONS 45

PRE-INSTALLATION Design 11
Implementation | 2

POST-INSTALLATION Use 24
Reconfiguration | 8

Table 13: Framework of the survey according to the
developed reference model.

As a consequence, the results of the survey can be
critically analysed as follows.

Pre-installation indications

Concerning the design phase (that is considered more in
general, in this case, as system planning) it is possible to
deduct the following main points:

e The systems in the sample are both installed to realize
existing products and to produce new products (the first
case may represent a reconfiguration of existing
product/processes, in the second a new lifecycle
starts).

e Before the installation, both over capacity and over
functionalities (intended as system features) were
planned in many cases. Planning over capacity is more
common than planning over functionality. Among those
who planned over capacity, those who actually
exploited it balance those who did not exploit it. The
extra capacity was never utilised in 20% of the cases,
while the extra functionality was never utilised in 30%
of the cases.

e The time to design the system is considered critical
(even if less than expected).

« Machine modularity is a high priority expected outreach
in the design phase.

Concerning the implementation phase it is possible to
deduct two main points:

e There is a wide variety in the type of configuration
installed. The Agile/FMS configuration is the most
popular configuration being used.

e The time to install the system is considered critical.

Post-installation indications
Concerning the use phase it is possible to deduct:

e In most cases the system is used for the activities it
was purchased for, indicating coherence between
design and use.

e As an average, high satisfaction with the FMS in the
sample is related to the increase in product variety, the
reduction of changeover times and, partially, for the
quality improvement.

e Those who believe the system is operated to its full
potential balance those who think their systems are not
operated at their full potential.

Eventually, concerning the reconfiguration phase it is
possible to deduct that:

e The number of people who expect to purchase new
FMS in addition to existing ones slightly exceeds the
number of those who plan to expand the capacity of the
existing systems, and these two options dominate the
others.

« System reconfiguration capabilities as well as machine
and control reconfiguration capabilities are ranked as
higher priority features.

In summary, these indications can contribute to frame a
picture of the current situation concerning Flexible
Manufacturing Systems under lifecycle considerations.
Both the specified findings and conclusions stress the
necessity for a holistic approach covering the entire
system life cycle, from design (design of systems for
reconfigurations, system cost) to installation (system ramp
up), from use (maintenance) to reconfiguration
(Reconfigurable Systems).

The analysis of surveyed FMS performances and data as
compared to Flexible Automation paradigms shows that
there is a need to couple the drivers with the enablers very
well in order to successfully implement innovative
manufacturing technologies. The FMS survey shows that
the users who were more careful in this analysis of drivers-
enablers were also the mostt satisfied with the FMS
implementations.

What is more, the survey highlights the necessity to focus
on lifecycle efficiency, thus highlighting the ability to
efficiently reconfigure the system due to changes in the
context (which is the main feature of Reconfigurable
Manufacturing Systems) as a major objective for the
future.

4.2 Foresight studies on Manufacturing: vision of the
future

Man-Industry Value Chain (M-I VC) will greatly change, in
the next 15 years, due to man’s needs and NEST context
radical evolution. As described in paragraph 2.2, this will
be supported by the R-I VC mechanism and its actors.
Such changes, initially concerning “demand paradigms”,
will require new “response paradigms” and related
TPs/ETs.

Following the model shown in Figure 4, this calls for
foresight activities integrated by “roadmaps” to produce
scenarios and, hence, contribute to develop or revise
policy in terms of:



e RTD goals, instruments, and procedures of public and
private programmes;

e policy measures concerning framework conditions for
“innovation”  (science-society relations, industrial
relations, human resources mobility, IPR, etc.).

Foresight and road mapping activities have been carried

out by most of the advanced as well as some of the new

emerging countries, covering several domains in the MI-

VC, from health needs to manufacturing [90], [91], [92],

[93], [94], [95], [96], [97], [98], [99], [100], [101], [102],

[103], [104], [105], [106], [107].

Two different approaches adopted, respectively, by the

USA and the European Union are presented along with

current results.

USA approach

The USA approach - bottom up, mainly industry lead but
supported by Publish Institutions - is based on two main
steps:

o Definition of a vision of the manufacturing enterprises
of the future (NGM Project) and of its attributes, the
corresponding required TPs and ETs, and the definition
of the necessary R&D activities.

e Definition of the future manufacturing technology
requirements and outline solution paths to meet these
requirements through “roadmaps” (IMTR Initiative).

The Next-Generation Manufacturing (NGM) Project was
initiated in 1995 and started using a hierarchical format
that first identified the global drivers of the new market
place.

Following the work carried out by the NGM project (ended
in 1997) the integrated Manufacturing Technology
Roadmapping (IMTR) Initiative was launched (see
paragraph 3.3) in 1998.

The IMTR developed a vision of the future manufacturing
enterprises, focusing on how they will function internally as
well as how they will interact with their customers,
partners, suppliers, workforce and other stakeholders.

Using a structured methodology, the IMTR defined future
manufacturing technology requirements and outlined
solution paths to meet these requirements in four
interrelated areas:

e Information Systems for Manufacturing Enterprises
(1S);

¢ Modelling & Simulation (M&S);

e Manufacturing Processes & Equipment (MPE);

e Technologies for Enterprise Integration (TEI);

Key aspects for the future identified by this vision are:

e integrated enterprise management;

e science-based manufacturing;

¢ intelligent process & equipment;

e “plug and play” interoperability;

o flexible, distributed operations;

o fully integrated & optimized design & manufacturing;

Roadmaps have been developed within the four
interrelated areas IS, M&S, MPE, TElI.

Concerning the MPE area, in particular, the following main
topics for the future of manufacturing were defined:

e zero net lifecycle waste;
o first part correct;
« intelligent control systems;

e innovative breakthrough
bioprocessing);

e science based manufacturing;

processes (MEMS,

¢ intelligent design and process advisors;

e knowledge repositories and validation centres;
e distributed control across extended enterprises;
e engineered materials and surfaces;

o freeform manufacturing;

European approach

The European Union DG Research, Directorate of
Industrial technologies, commissioned a large foresight
study FutMan to gain an updated and thorough strategic
perspective of the future of manufacturing in Europe for the
years 2015-2020 [91]. This is also in view of the next
seventh Framework Programme.
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Figure 10: The scenarios on the future of manufacturing in
Europe 2015-2020 (FutMan).

The scenarios shown in Figure 10 represent the general
output of FutMan. This aims at offering imaginative
pictures about potential socio-economic developments and
future technologies that are likely to shape the European
manufacturing sector over the coming years. The
scenarios highlight important trends, possible trend-
breaks, critical challenges and possible opportunities, and
present four possible visions of manufacturing in Europe in
the years 2015-2020. They map the space for sustainable
development (SD) in the future.

The highlighted scenarios are structured around two
qualitative dimensions of change. The first dimension
relates to the kind of policy making, addressing the
balance between public values and consumer attitudes.

The second dimension refers to the degree of integration
of SD relevant policies, hence considering prevailing public
values, consumer behaviour and demand patterns.

The socio-economic features of the four scenarios, dealing
with the future of manufacturing in Europe in the years
2015-2020, are listed below:

e global governance;

e EU policy integration/ policy instruments;
consumer behaviour/ values/ demand patterns;

e innovation policy focus;

o transport / energy infrastructure;

e sustainable development;

e education system;

e priorities in higher education;

e labour market;

e social security;

“Features” regarding industry, research institutions and
RTD have been derived from the above four scenarios.
Focusing on RTD, they may be summarised as follows:



e sustainable technology development to strengthen
competitive advantage in advanced manufacturing
systems;

o flexible specialisation in design and manufacturing and
more socially responsible production;

e new small production  systems,  specialised
nanotechnology clusters;

Roadmaps are being produced to integrate the strategic
foresight exercise.

The MANTYS Thematic Network [108], promoted by
CECIMO (European Committee for Cooperation of the
Machine Tool Industries), is generating insight into the
mechanisms that relate technological innovation to socio-
economic factors. Building on this, it is identifying realistic
scenarios based on likely technological and socio-
economical developments. These will be used to assess
strategic impact.

Also, "Technology Roadmaps" are produced (i.e. Agile
Enterprises, Next Generation Machine Tools) preparing
decision makers to orient their activities and to adapt to
change.

4.3 Towards new Paradigms.

The analysis, as carried out in chapter 3, connecting
paradigms the NEST context they respond to, may be
extended to the emerging scenarios. These may be
considered as potential “demand” paradigms, which may
drive the development of new of new “ response *
paradigms and related TPs/ETs and RTD actions and
actors.

The two approaches described in paragraph 4.2 focus
respectively on the company, to be “it” to cope with the
NEST context (as in the case of the USA approach) or on
the NEST context, that needs to be foreseen (as in the
case of the EU approach). Each of these approaches
corresponds to two different environments.

NGM and IMTR Initiative were meant to help the Company
to win in a difficult context, investing in RTD when needed.

On the other hand, FutMan and further activities will help
to understand the NEST evolution, the role of Europe,
future “demand” paradigms, and define RTD Programmes,
besides involving the various actors and stakeholders.
Both approaches lead to new emerging paradigms.

NGM proposes the “responsive” paradigm, covering from
design to production.

FutMan shows the emergence of a paradigm combining
sustainability and competitiveness, where flexile
automation or rather reconfigurabilty may play a
fundamental role.

Finally both approaches underline a new Industrial
Paradigm, i.e.:

e current production and RTD based generation of new
products and processes are two fundamental,
integrated Company functions;

e networks of Companies and Networks of Research
actors, may perform, respectively, the previous two
functions, being integrated;

This emerging Industrial Paradigm may be called
ManuFuture [109].

RTD actors towards the future

The competition for resources, the mechanisms to acquire
them and the presence of new competitors on the research
market are strong challenges for universities, research
institutes and companies.

A strong selection may take place and change, in the next
five to ten years, the international research landscape and
market.

It is thus important -for universities and research institutes
and centres involved in manufacturing RTD- to make a
wide analysis, considering national and Regional situations
and reviewing their goals and plans (i.e. assess their own
sustainability), the output of which will be beneficial for
them to eventually build up a truly sustainable RTD
“fabric”.

5 CONCLUSIONS

Manufacturing industry —covering man’s needs/industry
response Value Chain- has undergone several Revolutions
in the last 50 years. They were driven by Natural,
Economical, Social and Technological (NEST) context
changes and based on RTD Innovation of paradigms, from
Flexible Automation to Sustainable Production.

National and supranational RTD programmes have played
a relevant role in promoting and supporting them. Focusing
on production, the role of paradigms (conceptual level) and
engineering solutions such as FMS (operational level) has
been analysed.

Focusing on production processes and their life cycles,
past and current production paradigms -from Flexible
Automation to Sustainable Production- have been
analysed and mapped. A good correlation between drivers
and enablers has been described.

A survey concerning running FMSs has been carried out
and the results reported. The analysis of surveyed FMS
performances and data as compared to Flexible
Automation paradigms shows that there is a need to
couple the drivers with the enablers very well in order to
successfully implement  innovative manufacturing
technologies. The FMS survey shows that the users who
were more careful in this analysis of drivers-enablers were
also the most satisfied with the FMS implementations.

Foresight studies, leading to NEST context scenarios, may
help in defining the new paradigms required. Within the
Man-Industry Value Chain (M-I VC), two domains have
been considered:

e consumers and industry up-stream;
¢ man’s life cycle needs/man focused services;

Emerging Transformation Processes TPs can be exploited
in the future only through the development of innovative
Enabling Technologies ETs in knowledge based
manufacturing areas like new materials, nanotechnologies
and micro & hybrid devices.

The competition for resources, the mechanisms to acquire
them, the presence of new competitors on the research
market, is a strong challenge for universities, research
institutes and companies. A strong selection may take
place and change, in the next five to ten years, the
international research landscape and market. This calls for
the Sustainability of actors, as a fundamental prerequisite
for the competitiveness and sustainability of industry.

Finally, the decreasing attention to manufacturing —while
new needs and requirements are “springing up” which call
for new RTD based “answers” from manufacturing —may
lead to a strategic disaster [110].

New strategic RTD programmes should be launched.
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