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Foreword

It is a privilege to write the Foreword for this very important book. Rapid
Manufacturing (RM) is the next frontier for researchers, developers and
users of a technology that has been used predominately for Rapid Proto-
typing. The additive, freeform nature of the technology, coupled with
improvements in materials, processing speed, accuracy and surface finish,
opens up an array of options that before were impossible. In the not too
distant future, series production applications of the technology will propel
machines sales and the number of parts produced annually to impressive
new levels. The numbers for Rapid Prototyping applications will pale in
comparison.
RM has a promising future with a powerful list of potential benefits. In

fact, a growing number of companies are betting their future on systems for
Rapid Manufacturing. The technology makes it feasible to manufacture
series production parts economically in quantities of one to several thousand
pieces, directly, depending on part size and other factors. Without the
constraints imposed by tooling, designers are given the freedom to create
new designs that before were impossible or impractical to manufacture. This
method of manufacturing presents a dramatically different way of thinking
and the future implications are staggering. Personalized products become
possible because the cost of producing a unique design is not prohibitively
expensive, as it is with tooling or other costly methods of manufacturing
such as casting.
True just-in-time manufacturing becomes a reality because companies can

produce parts as they are needed, rather than in large batches as they are
done today. The relatively simple and automated operation of the machines
makes it far easier to decentralize production operations. Placing machines
at or near customer sites and sending new designs to them using Internet
tools also becomes an interesting option.
Most new designs never see the light of day because they are too risky to

manufacture due to the high cost of tooling. When tooling is removed from
the equation, it becomes feasible to introduce new products in low quantities
to see whether a market demand exists for them. The established method is



to spend months, or longer, and hundreds of thousands of euros, or more, to
find out whether a new design is a winning product.
Many nations are losing much of their manufacturing base to countries

that can produce products much less expensively. RM will help these
nations preserve some of their manufacturing because it will become
impractical to manufacture low quantities of parts in such far away places.
Manufacturing parts locally, and just in time, will become much more
attractive than manufacturing them halfway around the world because of
the time and cost of shipping. Also, design data that are sensitive will remain
inside the company.
The Rapid Manufacturing Research Group at Loughborough University

shares this vision. It is the only group of its kind in the world with a staff of
academic professionals dedicated exclusively to Rapid Manufacturing. In
recent years, the group has expanded to more than 40 researchers who
provide a continuous stream of new ideas, new projects and new results. I
have had the pleasure of working with and getting to know many of these
fine people and I can say without reservation that they are among the top
thinkers in the world. They have gained my respect and the respect of
countless others.
The Rapid Manufacturing Research Group has secured some of the best

people in the industry to contribute their ideas and experience to this book.
The collective knowledge and experience of these people has resulted in a
publication like no other. Study it, absorb its many ideas and examples, and
use the information to form your own opinions about RM’s future. Finally,
feel fortunate that this group has come together to help advance product
development and manufacturing around the world. Congratulations to them
for this impressive achievement.

Terry Wohlers
Wohlers Associates, Inc.
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1

Introduction to Rapid
Manufacturing

Neil Hopkinson, Richard Hague and Phill Dickens
Loughborough University

1.1 Definition of Rapid Manufacturing

The definition of Rapid Manufacturing (RM) can vary greatly depending on
whom one talks to. For some people it can simply mean making end-use
parts quickly – by any manufacturing method – while for others it involves
the use of an additive manufacturing process at some stage in the produc-
tion chain.
Our definition is very clear and precise. Rapid Manufacturing is defined as

‘the use of a computer aided design (CAD)-based automated additive
manufacturing process to construct parts that are used directly as finished
products or components’. The additive manufactured parts may be post-
processed in some way by techniques such as infiltration, bead blasting,
painting, plating, etc. The term ‘additive’ manufacturing is used in pre-
ference to ‘layer’ manufacturing as it is likely that some future RM systems
will operate in a multi-axis fashion as opposed to the current layer-wise
manufacturing encountered in today’s Rapid Prototyping (RP).
Although current RP systems are being successfully used in specialist

applications for the production of end-use parts, these RP systems have not
been designed for manufacturing and many problems remain to be solved.
These include surface finish, accuracy and repeatability, among others. We
are currently in a transition stage where RP systems are being used for these
specialist, low-volume and customised products but true manufacturing that

Rapid Manufacturing: An Industrial Revolution for the Digital Age
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is of a sufficient speed, cost and quality that can be accepted by the general
consumer does not exist at present.
The field of Rapid Manufacturing has grown in recent years and offers

such significant potential that it must be considered as a discipline in its own
right that is independent from its predecessors of Rapid Prototyping and
Rapid Tooling. This new discipline, which eliminates tooling, has profound
implications on many aspects of the design, manufacture and sale of new
products.

1.2 Latitude of Applications

It is difficult to think of a technological discipline that has such a broad range
of potential applications as Rapid Manufacturing. What other technology
can get an artist, a medical clinician, an engineer and an environmental
champion excited in the same way? This almost unparalleled latitude of
applications is reflected in the range of materials that may be processed. We
are only in the early stages of developing the technologies but are already
able to reliably process parts in polymers, metals and ceramics and the
potential for functionally graded components adds a degree of freedom for a
combination of materials that had not previously existed. Not only is there a
great breadth of potential for Rapid Manufacture, but the discipline also
brings about issues of significant depth, uncovering new ways of thinking in
terms of many aspects ranging from involvement of the customer in the
design process through to the ability to realise new engineering solutions to
problems in the aeronautical industry.

1.3 Design Freedom

The design freedoms afforded by Rapid Manufacturing are immense and the
processes are capable of creating mind boggling geometries. In the short life
of layer additive manufacturing technologies the processes have outstripped
the capabilities of CAD, in many cases the bottleneck in producing parts is
their design, while making them is the easy part. Prior to the advent of these
technologies, has mankind ever been in the situation where visualising and
designing a product is actually harder than making it?
As these technologies are more commonly used and their products seen by

the general public then the creativity that can make full use of the potential
of the processes will be realised. As today’s computer literate children grow
up they will be able to unleash their creativity in ways that had not been
possible before. It is possible that three-dimensional modelling packages will
be become standard pieces of software – how long before we see Microsoft
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CAD? There will need to be considerable work in the development of such
packages to suit the new generation of computer literate but non-engineering
specialised designers of tomorrow.

1.4 Economic for Volumes down to One

The elimination of tooling, for products where machining is difficult or
impossible, opens up a host of possibilities for low and medium volume
Rapid Manufacture. Indeed, the concept of widespread economic manufac-
ture to a volume of one may, for the first time, be facilitated by this
technology. This mode of manufacture is likely to involve the customer
very closely and will prompt the need to bring manufacturing close to
the point of sale – reversing the current drift of manufacturing from west to
east.
The issues brought about by widespread manufacture to a volume of one

are many and varied. The process of design is likely to require an increased
amount of virtual prototyping with all new products subject to design
optimisation and testing using finite element analysis. Production and
product proving will be changed and certification standards such as CE
etc. will need to be reviewed in the light of these new possibilities. Also the
legal ramifications will need to be considered; if a customer designs or has a
role in designing his or her own product and a product supplier manufac-
tures the product, who will be liable in the event of a product failure?

1.5 Overcoming the Legacy of Rapid Prototyping

In our experience it appears that one of the main stumbling blocks for the
increased uptake of Rapid Manufacture is a frequent reticence to accept it as
a genuine possibility. For every individual who can see the opportunities
that Rapid Manufacturing offers, there is another who prefers to focus on
why it can not or will not happen. The latter response is often taken in spite
of clear evidence that Rapid Manufacture is already happening.
Rejection of the concept of Rapid Manufacture usually comes in the form

of comparison (for example of material properties) with existing processes.
The problem at this point is that Rapid Manufacture is seen as merely an
extension of Rapid Prototyping and so parts are not seen to be suitable or
intended for end use. This ‘baggage’ of Rapid Prototyping is probably a
larger hurdle to the uptake of Rapid Manufacturing than any of the technical
issues that we face. Overcoming this viewpoint will take time, more
evidence of success and the ability to present the benefits in a clear and
balanced way.
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1.6 A Disruptive Technology

Many of the issues discussed above are clear symptoms of a technology that
can be described as disruptive. Rapid Manufacturing offers profound
possibilities across a broad spectrum but has initially been met with a
wide-ranging degree of acceptance, often leading to lively debate!

1.7 A Breakdown of the Field of Rapid Manufacturing

Through our extensive involvement with this new discipline we have
identified four key areas of the technology and have arranged the chapters
of this book to fall within these areas of:

� Design
� Materials and processes
� Management and organisational issues
� Applications

We are intrigued by what we have found as this technology has developed
and are excited about the future that it holds. We hope that this book
introduces the topic in a manner that does justice to the next industrial
revolution.
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2

Unlocking the Design
Potential of Rapid
Manufacturing

Richard Hague
Loughborough University

2.1 Introduction

One of the principal advantages of taking an additive (Rapid Manufactur-
ing) approach to manufacturing over more conventional subtractive or
formative methods comes not from manufacturing approach per se but
from the dramatic advantages that are possible in the area of design. This
potential for radically different design methodologies is one of the major
drivers for the development of Rapid Manufacturing systems and materials
and is a powerful reason why some organisations are able to put up with the
sometimes severe limitations associated with current Rapid Prototyping
(RP) systems to gain an advantage today.
The main benefit to be gained by taking an additive manufacturing

approach (including most, but not all, of the currently available RP techni-
ques) is the ability to manufacture parts of virtually any complexity of
geometry entirely without the need for tooling. In conventional manufactur-
ing, there is a direct link between the complexity of a part and its cost. In
Rapid Manufacturing (RM), not only is complexity independent of cost but
also the RM techniques are able to produce virtually any geometry. If this
principal were extended to true manufacturing processes then the opportu-
nities for product design and manufacturing are immense.

Rapid Manufacturing: An Industrial Revolution for the Digital Age
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This need for tooling in conventional manufacturing represents one of the
most restrictive factors for today’s product development. The absence of
tooling within the additive manufacturing processes means that many of the
restrictions of ‘Design for Manufacture and Assembly’ (DFMA) [1] that are
essential in a modern manufacturing environment are no longer valid [2]. In
injection moulding, for example, the need to consider the extraction of the
part from the (usually expensive) tool takes an overriding precedence in the
design of the part. Thus the high cost and need for tooling greatly limits
product design and compromises have to be made. Without the need for
tooling or necessity to consider any form of DFMA, the possibilities for
design are literally only limited by imagination.
During the last few decades, designers have been educated to develop

designs with restricted geometry so that parts can be made easily. The
revolutionary aspect of Rapid Manufacturing will be that geometry will no
longer be a limiting factor. Compounding the fact that as high volumes do
not need to be manufactured to offset the cost of tooling then the possibilities
for affordable, highly complex, custom parts become apparent. In theory,
each part that is produced could be a custom part and thus there will be the
potential to economically ‘manufacture to a unit of one’ [3]. The ability to
produce whatever geometry that is created in a three-dimensional computer
aided design (CAD) system actually means that one is entering a new
dimension of ‘Manufacture for Design’ rather than the more conventional
‘Design for Manufacture’ philosophy [4].
This freedom of design is one of the most important features of RM and

is extremely significant for producing parts of complex or customised
geometries, which will result in reducing the lead-time and ultimately the
overall manufacturing costs for such items. RM will affect manufacturers
and customers alike. For manufacturers, costs will be dramatically
reduced as no tooling is required and for customers, complex, individua-
lised products will be cost-effectively made that can be configured
to personal use, thus giving the potential for much greater customer
satisfaction [5].
Rapid Manufacturing will enable fast, flexible and reconfigurable manu-

facturing to occur that will have enormous benefits to manufacturers and
consumers. The elimination of tooling and the subsequent removal of many
DFMA criteria will realise significant benefits in the design, manufacture
and distribution of a part or components, including:

� Economic low-volume production
� Increased flexibility and productivity
� Design freedom

The subject of ‘Design for Manufacture’ is potentially broad. However, this
chapter will concentrate on the ‘freedom of design’ aspects and will give
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details of specific areas of design that are only enabled by taking an additive
approach to manufacturing.

2.2 Potential of Rapid Manufacturing on Design

The main feature of RM processes is the ability to produce parts of virtually
any shape complexity without the need for any tooling. The impact of this
factor on the validity of guidelines that designers comply with when they are
designing for manufacture and assembly are discussed below.

2.2.1 Conventional ‘Design for Manufacture’ (DFM)

DFM is a philosophy or mind-set in which manufacturing input is used at
the earliest stages of design in order to design parts and products that can be
produced more easily and more economically. DFM is any aspect of the
design process in which the issues involved in manufacturing the designed
object are considered explicitly with a view to influencing the design. Some
principals are used for efficient manufacturing, such as: developing a
modular design, using standard components and designing for multi-use
and to be multi-functional. By far the most important principle is to design
for ease of manufacture and fabrication, which could be different depending
on the manufacturing processes adopted. These guidelines are well docu-
mented elsewhere [1,6].
For years, designers have been restricted in what they can produce as they

have generally had to design for manufacture – i.e. adjust their design intent
to enable the component (or assembly) to be manufactured using a particular
process or processes. In addition, if a mould is used to produce an item,
there are therefore automatically inherent restrictions to the design imposed
at the very beginning.
As the range of plastic products being produced by RP and RM processes

are quite comparable with those of injection moulding of plastics, some of
the rules necessary for injection moulding are given here in order to provide
a basis for the consideration of design rules for Rapid Manufacturing. These
include:

1. Draft angles. These are important for ease of removal of parts from
moulds. The inclusion of draft angles at the design stage is very impor-
tant, but often omitted.

2. Minimising re-entrant features. ‘An easy to manufacture part’ must be easily
ejected from the mould. Designing undercuts requires the use of side
cores. This in turn will require moving parts in the dies that add to the
tooling costs considerably. Some parts containing features such as blind
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holes and galleries are impossible to manufacture without using very
complex and expensive tooling arrangements.

3. Wall thickness consideration. Components with thin walls solidify faster,
hence reducing warpage and production costs.

4. Uniform wall thickness. Non-uniform wall thickness will result in compres-
sion and expansion of molecules, resulting in compressive and tensile
stresses. The stress in turn will result in cracks, crazing or fractures of
moulded parts.

5. Minimising weld lines. When different flow fronts (due to obstruction
within the mould or various gates) meet each other, this creates weld or
fusion lines. These are a source of weakness within the part and should be
minimised during design.

6. Avoiding sharp corners. These will provide tensile, compressive and shear
stress on the moulded parts, which in turn will become stress concentra-
tion points, leading to part failure.

7. Ejection pin marks and gate marks. These could have an adverse aesthetic
effect on the injection-moulded part. However, with adequate considera-
tion their impact could be minimised.

8. Parting line. The direction of mould closure and parting line is also
crucial in tooling and injected parts. Much consideration and deliberation
is needed for their selection.

9. Minimising sink marks. These are formed when a thin section becomes
solid sooner than a developed thicker section. Sink marks could be less
apparent by adequate consideration during design.

2.2.2 Conventional Design for Assembly (DFA)

By adopting DFA guidelines at the design stage, significant reductions in
manufacturing cost and improvements in the ease of assembly can be
achieved [7]. A few of these guidelines are briefly given here [1,6]:

1. Reducing parts count. Eliminating unnecessary parts, combining parts or
eliminating or reducing the number of fasteners could achieve this.

2. Reducing handling time. A few simple, logical and effective rules, such as
avoiding tangling and nesting parts or using easy-to-handle symmetrical
parts, would result in a more efficient assembly.

3. Ease of insertion. This involves designing parts that are easy to align, easy
to insert and self-locating with no need to be held in place before insertion
of the next part.

2.2.3 Impact of RM on DFM and DFA

As the first RM processes will most probably be plastic processing systems,
the most immediate competition will be with injection moulding. RM, unlike
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injection moulding, is a tool-less process, which does not involve any
melting and subsequent solidification of materials within the confines of a
tool. Therefore, considerations for constant wall thickness (to aid the flow of
material), avoidance of sharp corners and minimising weld lines, sink
marks, ejection pins, gates marks and draft angles will no longer need to
be considered.
However, the significant impact of RM will be on the guidelines associated

with minimising complex geometries and features such as undercuts, blind
holes, screws, etc. Incorporating such features in conventional injection
moulding is not impossible but often requires expensive tooling, extensive
tool set-ups, testing runs and prototyping. This inevitably leads to undesir-
able lead-times and costs. Also, any simple modification in design requires a
new set of tooling. However, as RM is a tool-less process, the part complex-
ity is not important and any complex shapes or features produced by CAD
can be directly translated into the final product. This is in marked contrast to
conventional manufacturing processes.
Also, in injection moulding, the selection of the correct location for the

split line – in particular for asymmetrical and complex-shaped components –
is quite difficult and is largely dependent on the experience of the tool
designer. However, by adopting RM processes and not using any tooling,
designers will be entirely freed from this task.
By using RM technologies, it will be possible to reduce the number of parts

within an assembly. Therefore, the most important DFA guideline, which
concerns the reduction in part count, is easily achievable. In theory it is
possible to reduce the number of parts to just one, though in practice this
may not feasible as parts are generally not being used in isolation and their
interaction with other components would impose limitations on a part’s
count.
Thus, with the advent of the Rapid Manufacturing techniques, there is the

potential for many of the current obstacles to be removed. The following
sections discuss the design freedoms afforded by RM and also deal with
some potential problems that are likely to occur with the onset of Rapid
Manufacturing in general.

2.3 Geometrical Freedom

As discussed, one of the major benefits of some additive manufacturing
processes is that it is possible to make virtually any complexity of geometry
at no extra cost. This is virtually unheard of, as in every conventional
manufacturing technique there is a direct link from the cost of a component
to the complexity of its design. Therefore, for a given volume of component,
it is effectively possible to get the geometry (or complexity) for ‘free’, as the
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costs incurred for any given additive manufacturing technique are usually
determined by the time to build a certain volume of part, which in turn is
determined by the orientation that the component is built in.
Areas of particular interest that are enabled by the freedoms afforded by

RM include:

� Design complexity/optimisation
� Parts consolidation
� Body-fitting customisation
� Multiple assemblies manufactured as one

These areas are discussed in greater detail in the following sections.

2.3.1 Design Complexity/Optimisation

The design freedoms afforded by RM will enable increasingly complex
designs to be realised that are fully optimised for the function that they
are required for. Design optimisation is common in the construction indus-
try where optimal structures for bridges and buildings are derived using
optimisation techniques and then subsequently fabricated. For example,
Figure 2.1 shows the proposed Beijing National Stadium, which has been
designed by Arup for the 2008 Olympics. This building has been designed
with a combination of design optimisation and genetic algorithms to
produce a truly unique structure, but one that is structurally sound.
It is proposed that, due to the freedoms of design afforded by RM, this

approach can be used much more extensively for product design – this
approach is less common in the product design arena as the optimised
design will often prove impossible to make due to DFM criteria. This is one
of the main stumbling blocks for so-called Knowledge-Based Engineering
(KBE) systems that often have finite element analysis (FEA) as the kernel.
Initial work at Loughborough University has investigated the use of design

optimisation to create complex internal structures. Figure 2.2 illustrates a

Figure 2.1 Proposed Beijing National Stadium designed by Arup [8]
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