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1.0 Introduction 
 
Good business sense would dictate that rapid product development (RPD) is an 
essential, high priority goal for every manufacturing organisation.  To be able to 
develop products rapidly and efficiently saves the time and expense of laborious 
development programmes and reduces the significant costs that can be incurred in 
later production stages through poor product design.  In these days of unstable and 
rapidly changing market trends and tastes it also enables organisations to respond 
quickly to market changes and fashions, thus giving a competitive edge. 
 
In its broadest sense, RPD is a methodology for getting products to market in a manner 
that is time- and cost-effective.  Within an organisation this relates directly to the 
human, business-process and technological systems used to conceptualise, design 
and manufacture the organisation’s products.  Thus, RPD applies to the practicalities of 
designing, prototyping and producing a new product where CAD, CAM, rapid 
prototyping and reverse engineering are used as practical methods of shortening 
product-development lead times.  However, these enabling techniques may only be a 
small part of a larger organisational manufacturing methodology aimed at mass 
customisation. 
 
Mass-customisation strategy incorporates many other techniques and methodologies 
including late customisation (that is, customisation late in the production process) and 
concurrent engineering, where the function of existing company structures are modified 
by team working.  These approaches enable the design, marketing and manufacturing 
departments or functions of an organisation to work closely together enabling cost and 
time savings during product development.   
 
The concept of mass customisation is a modification of the mass-production philosophy 
that has now been in use for about 100 years and is a concept with which most 
manufacturing companies are familiar.  In most organisations it would be fair to say that 
mass-production techniques have been developed to the limits of current production 
technology, enabling the production of large volumes of products of high dimensional 
accuracy and quality.  However, the markets previously served by mass production 
have now matured to the extent that consumers are now not satisfied with having items 
identical to those of their neighbours or friends, but require something that is 
individually tailored.  The marketing philosophy of the early mass-producing companies 
was to persuade consumers to buy the products that the manufacturer chose to design 
and make.  A new and highly significant market trend has arisen; markets are 
increasingly becoming customer driven.  The customer demands, and manufacturers 
meet those demands or lose market share.  Consequently, companies in competitive 
markets now have to offer ‘customised’ features to attract customers and maintain their 
position in the market.  Markets used to be domestic with only a small proportion of 
output going to foreign markets.  However, television, the Internet and other electronic 
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communication systems now mean that every competitor, based anywhere in the 
world, can reach any market in the world.  Thus there is an increasing demand for 
customisation. 
 
The individual tailoring or customisation of a product can be as simple as offering a 
range of finish colours or trim, but more specific customisation requires changes 
throughout the manufacturing organisation, not just at the final finishing stages. 
 
Large companies with high turnover and large investments in capital equipment have 
striven to maximise their investment not just through mass production, but by taking 
advantage of market trends so that they ensure a share of the market and, where 
possible, become leaders in that market. The organisations that currently offer a 
degree of product customisation have an extensive capacity for gathering and 
analysing market information, which has enabled them to find out what their customers 
or potential customers require in their products and then produce manufacturing 
strategies to meet those demands.  Smaller organisations are disadvantaged in that 
they may not be able to afford the time and investment necessary to develop such 
strategies.  However, once these strategies and methodologies have been developed 
and deployed in the larger organisations that developed them, smaller organisations 
can utilise them or adopt and adapt the parts that are relevant and usable within their 
own organisation.   
 
By adopting customisation strategies, SMEs can add value to their products, develop 
additional product lines and grow their brand identity.  Also, through added 
customisation, consumers can be persuaded that they want certain products or they 
can be led to believe that although the products are from a system based on mass 
production, they are customised to their individual tastes.  Companies hope, thereby, 
not only to meet the expressed demand, but also that consumers may be persuaded to 
buy more of the differentiated products.  An example of a customised product is toilet 
paper, which was originally made only in white but is now available in numerous 
shades to suit the décor of bathrooms.  A further example is the range of bicycles that 
are available with different frame shapes for different activities and many equipment 
options to suit taste, cost and function. 
 
 
1.1 What is Rapid Product Development? 
 
Rapid product development is a concept aimed at speeding up the development life 
cycle of a product and can apply equally to the manufacturing and service sectors.  Its 
aim is to make the time from product conception to the manufacture of the first product 
as short as possible.  The term rapid product development can apply to the overall 
concept of developing products rapidly using various manufacturing management 
methodologies, but is often applied to a collection of techniques that utilise the 
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disciplines of computer-aided design (CAD), computer-aided manufacture (CAM), rapid 
prototyping and reverse engineering to generate models with very short lead times.  
CAD and CAM are also used within the manufacturing management methodologies.  
Within this report, rapid product development as a manufacturing management 
methodology is discussed in terms of late customisation, mass customisation and 
concurrent engineering.  Sections 3.2 and 3.3 describe rapid-prototyping technologies 
and rapid tooling and thus give an insight into how the rapid production of models and 
tooling aid the product-development process. 
 
 
1.2 What is Late Customisation? 
 
A simple definition of late customisation is the processes by which customisation can 
be added to products when they are near to completion.  Another definition is the 
building-in to a product of customer-specified characteristics after the main design work 
has been completed.  It does not take much thought to realise that behind both 
definitions lie some significant organisational changes to allow customisation to take 
place.  Consequently, late customisation as a production method cannot be discussed 
without touching on a number of other management methodologies.  In fact, a literature 
review revealed only a small number of references to late customisation.  However, the 
review suggests that a significant understanding of the requirements for late 
customisation can be obtained from a discussion of techniques such as concurrent 
engineering and mass customisation.   
 
 
These two techniques facilitate rapid product development and can incorporate the 
rapid production of prototype models (rapid prototyping) as a developmental tool and 
an aid to production. 
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2.0 Drivers for Customisation and Rapid Product Development 
 
Drivers for customisation are summarised very succinctly by Spring and Dalrymple 
(2000) in the table below.  The discussion following the table expands on these points 
and reinforces the argument for customisation. 
 

Customisation Drivers 
1. Create a market 
2. Maintain a market 
3. Prevent competitors from entering a market 
4. Increase profit, attract a higher price 
5. Develop new capabilities 

 
 
Mass production is a well-proven and accepted part of manufacturing industry and is 
even widely recognised by the consumer.  However, despite its ability to provide the 
consumer with cheap products, mass production has its drawbacks.  One of the 
problems with mass production is hinted at in the often-quoted statement by Henry, 
“You can have any colour you want so long as it is black”.   
 
The production methods used within mass-production environments allow the savings 
in manufacturing costs to be passed in part to the consumer as cheaper products.  
However, the consumer is still offered the product that the manufacturer believes the 
consumer wants.  Many of today’s consumers have become more discerning and they 
look for features that make their purchase stand out from the ordinary mass-produced 
items purchased by the majority.  Organisations who have recognised the market 
potential in offering products that are different from the norm have been able to 
capitalise on this requirement trend for ‘uniqueness’ in products and extend their 
market share or even capture new markets.   
 
The ability to supply customised goods is very simple for handmade products, relatively 
simple for small batches of goods and increasingly difficult in traditional mass-
production systems.  If customisation is required in organisations where mass-
production systems exist then a change in philosophy is required and mass 
customisation needs to be considered. 
 
A simple definition of mass customisation (Hart, 1995) is: 

 
“…the ability to provide customers with anything they want profitably, any time 
they want it, anywhere they want it and any way they want it.” 

 
This is the ideal.  A more realistic definition would be the use of flexible processes and 
organisational structures to produce varied and often individually customised products 
and services at the low cost of a standardised, mass-production system. This often 
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translates to products that are manufactured within a window of variety that gives the 
customer a choice of options. 
 
Fitzgerald (1995) describes mass customisation as a means of gaining competitive 
advantage and of satisfying customers.  It is claimed to be an optimal competitive tool 
that allows companies in a turbulent market to avoid inventory and only produce when 
a customer demands. 
 
Essential to mass customisation is concurrent engineering (Tseng and Jiao, 1998).  In 
order to deliver products within the required timeframe, lead times need to be 
shortened and this will necessitate significant cooperation between the design function 
and production facilities.  This cooperation has to extend to all product-development 
activities and results in them being carried out in parallel; product design and process 
design have to be carried out simultaneously with continual feedback between the two 
functions.  This is concurrent engineering. 
 
Jarvis (1999) states that concurrent engineering, also referred to as ‘simultaneous 
engineering’ or ‘concurrent product development’, involves the simultaneous designing 
of a product alongside product prototyping, product testing, production-process design, 
design of instruction and support manuals, design of maintenance procedures and the 
design of review and updating procedures.  Jarvis recognises that this simultaneous 
approach can lead to design and development cycles for new products that are 30 to 
70 percent shorter than cycles by traditional methods.  The major benefits of faster 
development and reduced times to market are : 
 
� An advantage over competitors who respond slower to market demands and 

technologies etc. 
� Optimum prices before competitors can offer alternative products 
� Faster returns on development investment and therefore less financial risk 
� Potentially longer product life cycles 
� Potentially higher returns on the total investment 
 
 
Concurrent engineering results in a more thorough product design process that fully 
incorporates and considers all of the relevant manufacturing methods and support 
processes associated with getting the product from concept to market.  This leads to 
far fewer modifications during the product’s life cycle and quality is designed in from the 
outset.  Paying attention to process design from the product-concept stage results in 
higher productivity within the manufacturing process. 
 
Large organisations expend a lot of effort in assessing their markets to ascertain 
whether they are expanding or contracting.  Further analyses are carried out to assess 
whether markets are demanding increased variety and customisation of products.  
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Research and experience is showing that markets are now not only demanding mass-
produced products with the inherent cost benefits, but also variety and customisation.  
Market life times of products are also reducing, as people want to change what they 
have more frequently (Åhlström and Westbrook, 1999). 
 
The above discussion indicates why late-customisation strategies are powerful drivers 
for increased customisation of products. 
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3.0 Rapid Product-development Technology and Late Customisation 
 
3.1 Development of Design Technologies 
 
Traditionally, products were designed in 2D on paper and perhaps drawn or sketched 
in 3D.  To get a hands-on assessment of a new product, or to test its functionality and 
ability to be assembled, required a model to be made in wax, wood, sheet metal or by 
machining from solid metal.  When prototype tooling was required for castings, press 
tools or injection moulding tools, the lead times would often be many weeks. 
 
With the advent of computers, CAD drawing packages emerged that gave graphical 
representations on screen.  Simple static 3D representations were possible at first but 
these rapidly gave way to images that could be manipulated to view them from any 
angle.  Post-processing software became available that enabled the drawing data to be 
converted into programs that could be downloaded to computer-numerically-controlled 
(CNC) machine tools to produce components.  This was a great step forward but 
machine tools still needed tooling and many complex parts could not be machined 
easily. 
 
Still further advances in computing power have enabled 3D CAD models to be created 
and viewed on a screen.  Advanced software tools such as finite element analysis can 
then be applied to the CAD data to assess strength, thermal performance and thermal 
properties.  It was inevitable that ways would be sought to utilise the digital data from 
drawings to produce solid objects.  A number of technologies have now been 
developed that enable solid objects to be created from digital data; the science fiction 
dream of generating objects from a computer has become reality.  The accepted term 
for the production of solid models from graphical data is ‘rapid prototyping’ and as the 
name for the process suggests, the generation of rapid prototypes is what it was 
designed to do.  The early systems that were developed enabled solid models to be 
produced quickly, facilitating product visualisation and limited functionality testing. 
 
Once engineers could produce any kind of solid model, they began to require more 
functionality from the parts.  Functionality is dependent on the materials used for model 
construction and gradually the materials have developed to give very high levels of 
functionality.  This has resulted in the modelling techniques being developed until they 
have reached the point where actual components can be produced in plastics or 
metals. 
 
From the preceding discussion it is clear to see how rapid prototyping fits into rapid 
product development.  As soon as a concept idea can be digitised, an object can be 
produced by rapid-prototyping technology.  Under certain circumstances some rapid-
prototyping technologies can produce functional prototypes.  Generally, rapid 
prototyping is still a means to produce prototype models.  Except in a few cases, it 
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does not exist to enable the article to be mass-produced or even produced on a small 
scale in commercial quantities in the required materials. 
 
There are six common uses for rapid-prototyping models, described briefly below: 

� 3D sketches 
� Cosmetic prototypes 
� Engineering/functional prototypes 
� Marketing samples 
� Samples for safety approval 
� Rapid tooling 
 
 
3.1.1 3D Sketches  
 
Designers have always used models to enable designs to be visualised.  Model makers 
would be employed to make models from a range of materials including wood, sheet 
metal, clay, cardboard, wax or rigid foam.  These models allow features to be 
interchanged to test ideas.  They can be very basic since they are not usually shown to 
outside clients.  
 
 
3.1.2 Cosmetic Prototypes 
 
These models are used to evaluate the appearance and, where applicable, the feel of 
the component.  They could be presented to management and to potential clients. 
 
 
3.1.3 Engineering or Functional Prototypes 
 
This type of model is used to evaluate form, fit, function and the ability to be 
assembled.  Some aspects that depend on the material of construction cannot be 
tested with these models since the materials used to build them are tailored to the 
modelling process rather than functionality of the end product. 
 
 
3.1.4 Marketing Samples 
 
When a design is finalised the marketing function may require samples to show to 
potential customers.  This type of model can also be used for photographs for publicity 
material or packaging. 
 
 
3.1.5 Samples for Safety Approval 
 
There are some situations where products have to be submitted for safety checks and 
under certain circumstances prototype models can be used to speed up the approval 
process. 
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3.1.6 Rapid Tooling 
 
An increasing use of rapid-prototype models is for the manufacture of moulds for 
moulding processes.  It should be remembered that a model can be made as a positive 
or negative.  Rapid tooling will be further discussed later in this report since, for 
moulded products, it can be a very important stage in rapid product development. 
 
Probably the greatest impact that rapid-prototype models can have on the progress of 
a product from design to manufacture is when they are used to produce moulds for the 
plastics or metal casting industries.  The ability of a rapid-prototype model to be used 
for tool production depends on the technology used to produce it. 
 
 
3.2 Rapid-prototyping Technologies 
 
Rapid-prototyping technology is based on computer printing technology where a 
computer printer takes digital data and produces 2D hardcopy.  If 3D data is available it 
would not seem unreasonable that a 3D image could be cut into slices and ‘output’ a 
slice at a time to produce a 3D print out.  This is the principle of rapid prototyping, the 
building up of solid 3D objects from slices of digital data.  The development of rapid-
prototyping technologies relied upon techniques to produce layers from which 3D 
objects can be built.  The availability of suitable materials determined the emergence 
and development of the early systems. 
 
Since slices are used to build up a model it is possible to build objects with almost 
limitless complexity.  Complex internal structures within totally enclosed objects are 
possible and regularly produced. 
 
There have been many rapid-prototyping systems developed in the last few years but 
there are six predominant technologies that are widely used:  (Wah, 1999) 

� Laminated Object Modelling (LOM) 
� Stereolithography (SLA) 
� Selective Laser Sintering (SLS) 
� Fused Deposition Modelling (FDM) 
� Solid Ground Curing (SGC) 
� 3D Printing 

Each of the six technologies is described briefly below. 
 
 
3.2.1 Laminated Object Modelling (LOM) 
 
In the LOM process, (see Figure 3.1), layers of material are built up to form the model.  
The most common material used is paper but plastic ceramic and composite have 
been tried. 
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The process builds up a cube of the laminating material.  The areas not required are 
cross-hatched with a laser so that they can be removed at a later stage.  The layers are 
bonded immediately and so in theory no post processing is necessary.  However, 
paper models will absorb water readily and so it is common to impregnate them with an 
epoxy resin in a secondary operation.  The process is limited to the manufacture of 
fairly simple objects where no complex internal structures are required.  Re-entrant 
features cannot be reproduced.  The process is ideally suited to the manufacture of 
patterns for sand casting (Wah, 1999). 

 
3.2.2 Stereolithography (SLA) 
 
The stereolithography process builds models using an ultraviolet (UV) light curing resin.  
A typical machine is shown in Figure 3.1. 
 
The machine (see Figure 3.2) consists of a tank of 
resin into which a table or elevator is lowered.  
The laser scans across the surface of the liquid 
resin and cures the required portions of it, which 
then rests on the table.  The table is then lowered 
into the resin tank and resin flows across the top 
of the newly hardened resin.  The laser scans the 
next layer and so on. 
 
Figure 3.3 shows a schematic of the layer building 
process (Wah, 1999). 
 
 
 
 Figure 3.2 (Wah, 1999) 

Laser Optics 

X-Y Positioning 
device

Layer outline and
cross hatching 

Part block 

Take up roll 

Material 
supply roll

Sheet 
material

Laminating 
roller Figure 3.1 

LOM process (Wah, 1999) 
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Model partway 
through the 
building process
 

Figure 3.3b  
(Wah, 1999) 
 
Table moves down 
(typically 0.1 mm). 
Surface tension 
prevents resin 
covering model. 

Figure 3.3c 
(Wah, 1999) 
 
Squeegee moves 
across tank 
smoothing the next 
layer of resin. 
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The supports exist to enable overhanging features to be built up as shown in Figure 
3.3e.  The scanning UV laser hardens the resin enough for the model to be removed 
from the machine but a post curing treatment is required to fully cure the resin.  The 
resins that were used for the process in its infancy had low cured strength and 
absorbed water giving poor dimensional stability.  Modern resins have overcome these 
problems and give models properties that make them useable components.  The 
models produced can be used as concept models, for functionality testing, directly as 
investment-casting patterns and patterns for other processes (Wah, 1999). 
 
 
3.2.3 Selective Laser Sintering (SLS) 
 
Selective laser sintering is a process that builds models from powders.  A layer of 
powder is deposited on a platen and levelled by a roller.  A CO2 laser then scans over 
the surface to sinter the areas required to make up the part.  Another layer of powder is 
then deposited and the process repeated.  The part is produced in a part-build 
chamber which ends up full of powder.  The part is entirely surrounded by powder 
when it is completed and so overhangs and even linked but discrete parts can be 
manufactured.  The part build chamber is heated to just below the melting point of the 

Figure 3.3d  
(Wah, 1999)  
 
Laser scans surface of 
resin in areas required 
to be hardened. 

Figure 3.3e  
(Wah, 1999) 
 
Table drops to allow 
model to be recoated 
with resin. 
 
Cycle is repeated. 
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modelling material to aid the sintering process.  The building area is kept flushed with 
nitrogen to prevent oxidation of the powder and part. 

 
 
 
Build rates of approximately 25 mm per hour are possible in materials as diverse as 
wax, thermoplastics, ceramics and metals.  Wax parts for investment casting can be 
produced and functional parts in most other materials, especially patterns for soft 
tooling, sand casting and even the direct manufacture of electrodes for electrical 
discharge machining (EDM) and metal moulds is possible (Wah, 1999). 
 
 
3.2.4 Fused Deposition Modelling (FDM) 
 
The fused-deposition-modelling process extrudes molten thermoplastic from nozzles to 
produce the model.  There are usually two nozzles, one to supply the model material 
and one to supply the support material where it is needed.  The method of manufacture 
starts with two layers of product being extruded onto a baseplate followed by two layers 
of support material if required.  The table drops gradually to allow the model to grow.  
Layer thicknesses are of the order of 0.127 mm.  The process is clean and can be run 
in an office environment.  Hollow structures can be built quickly but solid parts are slow.  
Accuracy and strength are not high, but parts can cost as little as £5.00 depending on 
the materials used which can include ABS and investment-casting wax.  Models from 
the process can be used for functional testing, aesthetic design analysis and 
investment-casting patterns (Wah, 1999). 
 

CO2 laser 
Laser optics and 
scanning mirror 

Levelling roller 

Powder bed 

Part build chamber

Part being built 

Figure 3.4 SLS process 
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3.2.5 Solid Ground Curing (SGC) 
 
The solid ground curing process builds a model from UV-curable epoxy resin.  A layer 
of UV-sensitive resin is deposited as an even layer on the work surface.  UV light is 
shone on to the resin through a photo-mask causing the exposed resin to harden.  
Unhardened resin is then removed by vacuum and liquid wax is spread over the 
growing model.  A chilling plate is applied to harden the wax and then a milling cutter 
skims the surface to uncover the newly hardened epoxy.  The process is then 
repeated.  The wax acts as a support for overhanging features etc. and is melted out 
on completion of the model or can be left in to protect the part during transport.  Very 
complex parts can be made but the process is slow and complex requiring constant 
manning and thus high costs.  The equipment is also expensive (Wah, 1999). 
 
 
3.2.6 3D Printing 
 
This process is almost exactly as it sounds, except that the ink is replaced with other 
materials and of course the output is a 3D model. 
 
Basic systems use one wax and build models quickly and with reasonable accuracy.  
More complex systems are available that have separate spray heads to deposit liquid 
thermoplastic and wax.  The wax acts as the support medium and is dissolved out on 
completion of the deposition process.  This process can produce very accurate models 
with layer thicknesses from 0.013 to 0.13 mm.  Accuracy in the X and Y directions is up 
to 0.025 mm.  The layers are milled to control the build height.  Very fine features can 
be produced with good surface finishes that do not require any finishing operations.  
However, build times are long and only one material is available. 
 
Another variant of the process uses a print head to deposit a binder layer on a powder 
layer.  This is a fast build process and the powder provides support.  Colour inkjet 
heads can be used to give full-colour models.  Models are brittle and usually require 
impregnation with a wax or epoxy resin.  Suitable powder materials for the process are 
limited and the particle size dictates the possible surface finish.  Parts retain porosity 
even after impregnation (Wah, 1999). 
 
The table below presents a summary: 
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Technology Raw material 
form 

Build process Common uses Cost and 
speed 

LOM paper laser cut out layer 
and stack 

concept models, casting 
patterns 

cheap, fast 

SLA liquid resin laser scan and cure concept models, functionality 
testing, investment-casting 
patterns, other patterns, 
finished product 

expensive, 
fast 

SLS powder deposit and laser 
sinter 

functionality testing, 
investment-casting patterns, 
other patterns, finished 
product 

cheap, fast 

FDM coiled rod extruded layers. concept models, functionality 
testing, investment-casting 
patterns 

cheap, fast 

SGC liquid resin UV cure with milling functionality testing, 
investment-casting patterns, 
other patterns, finished 
product 

expensive, 
slow 

3D printing wax inkjet print concept model, aesthetic 
design 

cheap, fast 

 
 
It can be seen from the above discussion about rapid-prototyping techniques that great 
benefits can be gained for the design process, marketing, pattern manufacture and, to 
a limited extent, actual product manufacture.  Rapid prototyping has had a significant 
effect on moulding technologies due to the reductions in time that can be realised.   
 
 
3.3 Rapid Tooling 
 
It has already been indicated that LOM models can be used for sand casting models, 
SLA models when given a honeycomb structure make excellent investment-casting 
patterns and the SLS process, when used with metal powders, allows actual metal 
moulds to be produced. 
 
Plastic-moulding processes have traditionally produced very large batches but from 
tooling that takes weeks or even months to produce at a high cost.  Where small 
batches have been required in the past, it has still been necessary to absorb high 
tooling costs.  Rapidly changing markets and demands for customised products with 
short lead times have put the tool makers under increasing pressure.  The ability to 
produce low-cost tooling quickly has been the subject of multiple research projects over 
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many years and the advent of rapid-prototyping technologies has finally provided a 
route to these tools. 
 
The concept of rapid tooling combines the new technologies of rapid prototyping with 
more established moulding technologies to enable fast, sometimes very fast, tool 
development and manufacture. 
 
There are a number of types of tooling made from rapid-prototype models.  These are 
listed below. 

� SLA cavity 
� Soft tooling 
� Metal-filled epoxy tooling 
� Steel mould casting 
� Investment casting 
� SLS 
� Metal spraying 
� Metal LOM 
� Powder sintering 
� Laser Engineered Net Shaping (LENS) 
� Multiphase jet solidification (MJS) 
 
 
3.3.1 SLA Cavity 
 
It is possible to actually utilise an SLA model directly as the cavity for a mould.  The 
SLA model is positioned in a mould bolster and a low-melting-point alloy or epoxy resin 
is poured onto the back of the model.  Copper cooling tubes are cast into the mould 
back.  When cured, ejector pins are added and the mould is ready. 
 
This is a very fast method of making a short run injection-moulding tool.  The tools so 
produced will wear quickly, are fragile and moulding cycle times could be slow due to 
the low thermal conductivity of the SLA mould surface.  The accuracy of the mould will 
be as high as the model producing technology since the mould surface is coming 
straight from CAD data.  Tools will probably only be able to produce approximately 100 
components (Wah, 1999). 
 
 
3.3.2 Soft Tooling 
 
In the soft tooling process a rapid-prototyped model is used as a pattern, around which 
is cast a silicone rubber or soft polyurethane.  The moulds produced from the process 
can be used for casting polyurethane, polyester, epoxy and some low melting point 
alloys, i.e. tin/lead (200 OC), pewter (230 OC) and zinc alloys (400 OC).  It is also 
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possible to use these soft moulds for low-pressure injection moulding.  Where hot 
materials are cast into the moulds the cooling times tend to be long due to the poor 
thermal conductivities of the mould materials. 
 
It is possible to reproduce very fine detail on the soft-tool surface and slight undercuts 
are possible since the mould is soft.  Silicone rubber is a very non-stick material, which 
aids part removal.  The moulds are most commonly used for producing prototypes and 
wax investment patterns (Wah, 1999). 
 
 
3.3.3 Metal-Filled Epoxy Tooling 
 
In this process a rapid-prototyped model is used as the pattern and a metal-filled epoxy 
is cast onto the model after it has had a release agent applied.  This process can be 
repeated for both sides of the model so that a cavity in the shape of the original model 
is produced.  In some instances the epoxy mould is plated to improve wear 
characteristics.  These moulds are relatively easy and quick to manufacture and they 
are capable of producing batches of approximately 3,000 components (Wah, 1999). 
 
3.3.4 Steel Mould Casting 
 
Rapid-prototyped models can be used to make metal moulds in materials that include 
steel.  A ceramic pattern is made from the models by casting a ceramic slurry around 
the pattern.  The ceramic pattern is fired to fully harden the pattern and drive off any 
volatile components remaining from the original slurry composition.  The ceramic 
pattern is then mounted in a casting box and metal is cast around it to produce the 
required mould.  This technology enables a mould to be produced within three to four 
days as opposed to three to four weeks by traditional machining techniques.  Fine 
detail can be reproduced easily due to the ease of producing the rapid-prototype model 
and this ease enables several patterns to be generated quickly if necessary.  High-
quality surface finishes are possible and dimensions can hold to within 0.25 mm.  The 
moulds produced are not as accurate as machined cavities due to shrinkage etc. but 
can be used for plastics injection moulding and metal die casting (Wah, 1999). 
 
 
3.3.5 Investment Casting 
 
Investment casting is a very old process practised by the ancient Egyptians.  It involves 
the production of a wax model that is then completely surrounded by a refractory 
material.  The refractory material containing the wax model is heated to melt out the 
wax and leave a cavity.  The mould is then fired to harden the refractory material.  This 
results in a mould in which metal can be cast. 
 



Rapid Product Development and Late Customisation for Manufacturing SMEs 
 

 
 

Prime Faraday Technology Watch – May 2001  18
 

 

In the modern process the wax model is dipped into a ceramic slurry.  The resulting 
coating is allowed to dry and the dipping process repeated until a suitable thickness of 
coating is generated.  The coating is allowed to dry naturally until it can withstand the 
wax being melted out.  Then the coating is sintered to give it its full strength.  The shell 
is then ready to receive molten metal, which on solidification is removed from the 
ceramic shell by carefully smashing it (Wah, 1999). 
 
Silicone rubber moulds made from rapid prototypes are commonly used to make wax 
models.  It is also possible to use resin SLA models in place of the wax model since 
these can be burned out relatively easily, especially if they are made with a hollow 
honeycomb structure. 
 
3.3.6 SLS 
 
Selective laser sintering has been discussed earlier and is an obvious way of making 
metal tools directly from digital data.  The sintered models often have to be 
impregnated with another metal to remove porosity and increase strength. 
 
 
3.3.7 Metal Spraying 
 
It is possible to spray droplets of molten metal onto a model used as a pattern to 
produce a wear resistant surface.  This surface is then backed up with a metal-filled 
epoxy resin as in metal-filled epoxy tooling described above (Radstock, 1999). 
 
 
3.3.8 Metal LOM 
 
A version of the LOM process where laser-cut sheets of metal are bonded together to 
produce moulds.  The mould surface will need finish machining if smooth surfaces are 
required since the process will leave steps (Radstock, 1999). 
 
 
3.3.9 Powder Sintering 
 
A number of powder sintering processes are available that are similar to the SLS 
process.  The differences exist because of the powders used.  The permutations 
include the use of powders containing bronze and nickel plus other additives which 
give a material with very limited shrinkage when sintered.  Impregnation with an epoxy 
resin results in a tool ready to be mounted into a bolster.  Accuracies of ± 0.05 mm are 
possible.  Other metal powders are available that are coated with a plastic binder.  
When building is complete the model is heated to remove the binder, sintered and 
impregnated with copper.  This process produces a strong mould which can be EDM-
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machined, but the component is subject to shrinkage.  Consequently, accuracy is 
limited to ± 0.1 mm (Radstock, 1999). 
 
 
3.3.10 Laser Engineered Net Shaping (LENS) 
 
High-density metal components are produced by blowing metal powder into a laser 
beam which results in the deposition of molten metal.  Accuracies are claimed of 0.07 
mm in the X and Y directions but only 0.5 mm in the Z direction.  The process is still 
being developed (Radstock, 1999). 
 
 
3.3.11 Multiphase Jet Solidification (MJS) 
 
This process is a development of FDM where the material that is extruded is a mixture 
of a binder and metal powder.  The binder is burnt out after building and a sintering 
process results in a nearly fully dense product.  Modelling is accurate to approximately 
0.1 mm but shrinkage occurs during sintering.  This is another developing technology 
(Radstock, 1999). 
 
 
3.3.12 Reverse Engineering 
 
It is appropriate at this stage to mention reverse engineering for model making.  
Reverse engineering in the context of model making entails taking an existing object 
and producing digital data from it which can be used to generate further rapid-prototype 
models.  The technique generally involves laser scanning an object to generate the 
digital model.  It can be a quick way of reproducing an object that already exists or for 
which it is difficult to produce a pattern by conventional methods. 
 
 
3.4 Customisation Methodologies 
 
When considering whether to offer customised products, it is necessary to carefully 
examine the type of product that is being manufactured to assess its suitability for 
customisation (Spring and Dalrymple, 2000). 
 
It will be important for the manufacturing organisation to consider whether to custom 
design or custom build; whether to offer options for features that are essential to the 
function of the product to be offered, or that will just be aesthetic or technological 
optional extras. 
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The categories of product options, essential items and ‘optional extras’ can be divided 
into the two sub-categories of substitutional items and parametric items: 
 
� Substitutional 

 

The item can have different types, styles, colours etc. – for example, tyres on 
vehicles. 
 

� Parametric - Discrete 
 

The option is defined by a size but there is a fixed range of sizes with discrete 
steps – for example, bicycle frame sizes. 

 
� Parametric - Continuous 

 

The option is defined by size but the range and steps are infinitely variable within 
practical limits – for example, lengths of leads on electrical devices. 

 
 
A careful analysis of the types of options to be offered will have a significant effect on 
the product design process and the manufacturing system.  Flexible manufacturing 
systems may seem well suited to adaptation for mass-customisation strategies but if 
product options move from discrete parametric terms to continuous terms then 
problems can arise.  Substitutional options do not present any significant production 
problems and tend to require flexibility at only one stage of the manufacturing process.  
Parametric options will affect materials management, product architecture and 
manufacturing systems.   
 
Where options are for essential items, the costs involved in offering the options will 
tend to remain constant.  However, optional extras can prove to be more expensive but 
there is the perception by customers that they have more control and are getting what 
they really want (Spring and Dalrymple, 2000). 
 
There are a number of methods that can be used to incorporate customisation into a 
manufacturing system: 

� Assembly of core modules 
� Material processing 
� Increased stock range 
� Make products self-customising 
� Another company provides services around the product 
� Retailer provides services around the product 
� Information content modification 
 
The first four techniques seem to be the most popular routes to providing customisation 
and will affect the operation’s function (Åhlström and Westbrook, 1999). 
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When considering the implementation of mass customisation into a company there are 
four areas that should be examined (Hart, 1995). 
 
� Customer sensitivity 
� Process amenability 
� Competitive environment 
� Organisational readiness 
 
 
3.4.1 Customer Sensitivity 
 
It is necessary for an organisation to determine whether the customers of its products 
want more customisation or can be persuaded to buy more customisation.  It is 
possible that requirements are unique and cannot be customised.  In a society where 
nearly everything is mass-produced, customers have to accept compromise and 
sacrifice in what they purchase since there are often no alternatives.  Skilful analysis of 
the sacrifice and compromise that customers will tolerate will enable mass-
customisable products to be identified.  If a customer base has a high level of unique 
needs and/or sacrifice then there may be a case for mass customisation since there 
are unmet needs.  Careful consideration of the overall market, market growth potential 
and the price sensitivity of the product in question must be made before proceeding.  
Too much choice should also be avoided since consumers do not want to be 
overwhelmed with choices; they want the product that they want. 
 
 
3.4.2 Process Amenability 
 
The ‘process’ of producing a product encompasses technology and organisational 
aspects.  An assessment is required to ascertain whether the technology exists to 
enable a product or service to be customised.  Any new technology will have to be 
incorporated into existing processes. The effect on costs will have to be assessed and 
some new investment may be required.  An example of investment would be in new 
integrated CAD or CAM systems and databases. 
 
Marketing has to be considered very carefully in a number of ways.  Branching out into 
product markets for which a company is not known may not induce customers to buy; 
they may stick to brand leaders.  Marketing departments need access to – or need to 
be able to generate and analyse – data relating to customers’ needs.   
 
The design function needs access to information on customer needs and must have 
the ability to understand it.  It must also be able to – and have the means to – translate 
these needs into specifications.   
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Production processes must be able to cope with the change from fixed costs to variable 
costs and parts supply needs to be carefully considered along with distribution of the 
final product. 
 
 
3.4.3 Competitive Environment 
 
The competition within the market where the mass customised product is to be sold 
needs to be carefully analysed to verify whether there are forces at work that will 
negate the benefits of mass customisation.  Turbulence within a particular market can 
indicate a suitable environment into which mass customisation can be introduced since 
this can indicate a need for variety and customisation.  A major consideration is 
whether anyone else is offering customisation because being the first to offer 
customisation gives immense advantage.  It will be important to identify and appraise 
competitors that may react quickly, those that may become new competitors and those 
that have customers who may not remain loyal if the offering is suitable. 
 
 
3.4.4 Organisational Readiness 
 
A careful evaluation needs to be made of an organisation’s attitudes, culture and 
resources and whether they can be moulded to incorporate a mass customisation 
strategy.  There has to be commitment to the strategy from top management 
downwards and strong leadership is required.  A business contemplating mass 
customisation must understand its own systems well so that the effects of changes 
caused, and the effects of changes required, can be accurately assessed.  
Management must be able to assess the costs and be ready to fund the process of 
change.  If costs are to be incurred they are not always immediate and changes that 
are to be made can be made in gradual steps.  It should be remembered that cash flow 
has to be maintained while changes are being implemented and so careful planning of 
implementation is required. 
 
 
3.4.5 The Effects of Implementing a Mass-customisation Strategy 
 
A study carried out by Åhlström and Westbrook (1999) examined the impact of mass-
customisation methodologies on organisations.  The study found that the benefits and 
drawbacks shown in the table below could result: 

Benefits of Customisation Drawbacks of Customisation 
1. Increased customer satisfaction 
2. Increased market share 
3. Increased customer knowledge 
4. Reduced order response time 
5. Reduced manufacturing cost 
6. Increased profit 

1. Increased material costs 
2. Increased manufacturing costs 
3. Poorer on-time deliveries 
4. Supplier delivery performance 
5. Increased order response time 
6. Reduction in product quality 
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The benefits are listed in order of importance as determined by the study and it should 
be noted that the greatest benefit seems to be to customers and market share rather 
than in manufacturing costs and profit.   
 
The drawbacks are listed in the order of the way in which customisation most affected 
business performance.  Thus the indications are that customisation can lead to 
increased costs.  In the survey carried out it appears that the organisations involved 
appeared to be good at coping with product variety and short lead times since order 
response time and product quality were listed as not deteriorating very much compared 
with costs. 
 
In addition to there being negative results from the introduction of mass customisation 
there are also difficulties that are experienced during the implementation of the 
strategy.  The difficulties experienced are listed below in order of severity. 
 

Difficulties of Customisation 
1. Understanding customer requirements 
2. Supply chain management 
3. Culture and organisation change 
4. Changing business processes 
5. Information technology 
6. Distribution channels 

 
These results show that in general, the internal changes were coped with more easily 
than external factors such as understanding customers and managing suppliers. 
Therefore companies need to improve their customer understanding. 
 
There have also been highlighted a number of barriers that can inhibit further 
customisation.   
 

Barriers to Further Customisation 
1. Inflexible factories 
2. Products would be too costly 
3. Information technology 
4. Change management 
5. Management skills and abilities 
6. Understanding customer requirements 
7. Supply from stock 
8. Products not customisable 
9. Design for customisation 
10. Workforce skills and attitudes 
11. Suppliers 
12. Customers do not want or need customisation 
13. Distributors/retailers 
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The appearance of the first two items at the top of the list indicates the need to make 
sure that the operations function performs well.  Information technology is perceived as 
being a significant barrier to further mass customisation within organisations that are 
already involved in the process.  However, the companies involved in the study believe 
strongly that customers want customisation. 
 
It has already been stated that to establish a mass-customisation culture requires the 
incorporation of concurrent-engineering principles into the manufacturing process.  
Significant changes in the structure and culture of a company are required if concurrent 
engineering is to work.  Traditional barriers exist between the R & D, design, 
manufacturing and marketing functions and these must be broken down for concurrent 
engineering to function.  Each discipline has to bring its expertise to the table with 
mutual respect so that issues can be worked on jointly with the main focus being the 
customer.   
 
Traditional company structures build imaginary walls between departments and often 
treat a new product like a baton in a relay race.  The marketing department comes up 
with product ideas and ‘throws them over the wall’ to the design department.  The 
design department produces its designs and ‘throws them over the wall’ to 
manufacturing.  Little or no communication takes place between departments and so 
delays occur while problems that have not been discussed are sorted out. 
 
 

 
A variant on this relay race is development ping-pong, where the designers and 
developers may be inclined to throw the marketing groups ideas back at them claiming 
they are too individualistic or specific.  The designers reject the concept ideas on the 
basis that they are impossible to design and the manufacturing department rejects the 
drawings saying they cannot make the product.  Thus the design gets passed back and 
forth resulting in delays and extended product-development times. 
 

Figure 3.5 Job progression through a company 
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Technology such as computer-aided engineering (CAE), CAD and CAM play their part 
in the concurrent-engineering process and many smaller companies are now able to 
afford, and have adopted some of these technologies.  These will be used not just for 
designing the product but also for the specification and design of the manufacturing 
process.  Implementing the technology is often not the problem; the problem is 
overcoming the resistance to changing the way things have always been done.  
Resourcing issues for the development process have to be addressed with the primary 
objective in mind.  If this objective is to cut the time to market then development 
activities must receive a high level of staffing, which may not always be fully utilised.  
This approach has to be assessed to determine whether the benefits of achieving rapid 
time to market outweigh the increased development resource costs.  If a low-cost 
product is the objective then the development resource will have a low staffing level 
and be highly utilised (Jarvis, 1999). 
 
Another aspect that arises when applying concurrent engineering to mass 
customisation is the move from individual product design to the designing of product 
families where products within a family share common technology and market 
applications.  This is known as ‘family-based’ design.  Another step in facilitating mass 
customisation is to relate families of products to the manufacturing technologies and 
processes needed to produce them.  This forms a product-family architecture that 
allows product variants to be derived from basic product designs that will meet a range 
of customer requirements within a specific market.  Product-family architectures are a 
fundamental requirement for family-based design systems (Tseng and Jiao, 1998). 
 
It is clear from the above discussions that there are many factors that need to be 
addressed when contemplating mass customisation, since all operations within a 
company can be affected.  Consequently, a thorough assessment of current company 
practices is required and a detailed plan will have to be prepared to enable new 
systems to be established to cope with the new strategy. 
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4.0 The Implications of Rapid Product-Development Technologies and 
Late Customisation for SMEs 

 
4.1 Rapid Prototyping 
 
The earlier discussion has highlighted the technologies available for rapidly producing 
models, patterns and moulds from digital data. 
 
The pressure on all organisations nowadays is to design, develop and get products into 
manufacture within the shortest time possible.  It is clear that the ability to generate 
models, patterns and moulds quickly is an advantage to all sizes of organisation.  If the 
technologies are to be utilised in-house then some, potentially significant, investment is 
going to be required.  However, there are many organisations that are experienced in 
rapid-prototyping technologies and have established themselves as subcontracting 
bureaus, offering a range of design services including model building for those that do 
not have the resources or the equipment.  Most companies now design using digital 
CAD systems, so the data is already available for use in the rapid-prototyping 
machines.  The subcontractors have software to convert a wide range of CAD data into 
the format required by modelling machines and very often CAD software includes the 
converters so that the originators of the CAD drawing design can supply a compatible 
file format. 
 
Mass production generally requires significant investment in tooling and plant etc. but 
the large numbers of parts produced pays back the large investments that have to be 
made.  Large mass-production systems are not very flexible and so when smaller 
batches are required, smaller organisations often have an advantage in that they can 
be more flexible in their manufacturing approach and so can consider undertaking 
them.  Rapid-prototyping/rapid-tooling technologies become an essential and 
invaluable aid in allowing this work to be contemplated and brought to profitable 
fruition. 
 
SMEs do not necessarily have the resources to expend on the manufacture of detailed 
prototypes but rapid-prototyping technology could be the method by which smaller 
organisations can start producing detailed prototypes quickly and at lower cost.  This 
may enable significant improvements in the design and manufacturing functions to be 
realised. 
 
When SMEs are involved in small-batch work of tens of components rather than 
thousands, the use of rapid prototyping to produce tooling will cut tool manufacturing 
costs and lead times significantly.  With the appropriate process it may be cost effective 
for companies to produce small quantities of finished components directly by rapid-
prototyping technology. 
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A number of rapid-prototyping technologies are now capable of producing components 
quickly but with poor surface finishes.  It is possible that processes can be developed 
to enable these models to be finished by smoothing the surface or by applying a 
coating that results in a usable product.   
 
 
4.2 Customisation 
 
The study by Åhlström and Westbrook (1999) made the very important observation that 
companies involved in mass-customisation methods have also been found to have 
implemented most of the following improvement initiatives: 
 

Improvement Initiatives 
1. Total quality management 
2. Just-in-time 
3. Cellular manufacturing 
4. Business process re-engineering 
5. Benchmarking 

 
 
Generally it appears that companies who have implemented some or all of the 
improvement initiatives mentioned above, are potentially better prepared internally to 
cope with the challenge of implementing mass customisation. 
 
The above initiatives, coupled with customisation strategies, develop useful disciplines 
within companies and break down traditional barriers by causing groups of people from 
different departments to work closely together.  Thus there are significant 
organisational benefits to be gained by SMEs from considering the processes involved 
in establishing a customisation culture.  The market-analysis function can be adopted 
by SMEs to force companies to review their products and consider the benefits of 
customisation that have already been stated earlier.  
 
To summarise, one would customise to: 

� Create a market 
� Maintain a market 
� Prevent competitors entering a market 
� Increase profit, attract a higher price 
� Develop new capabilities 
These drivers to enter the customisation arena are as relevant to SMEs as to large 
organisations.  The advantage that large organisations have over SMEs is that they 
have the resources to assess markets and can absorb more easily the initial increases 
in costs that occur when starting up the new systems.  This is not to say that SMEs 
cannot do these things but they are generally less able to. 
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It is difficult to set down specific guidelines for the adoption of customisation since the 
product, market and current manufacturing system will dictate what organisational 
systems need to be created.  It is clear from what has been presented that companies, 
if they are not already doing so, will need to adopt some or all of the following 
initiatives: total quality management, just-in-time, cellular manufacturing, business 
process re-engineering and benchmarking.  The methods by which customisation is to 
be applied need to be defined. In other words, will it be by the assembly of core 
modules, material processing, increased stock range, making products self-
customising, relying on another company to provide services around the product 
(mobile phone tariff packages) or making provision for the retailer to provide services 
around the product?  A decision has to be made whether customisation will be attained 
by the offering of options on essential features or optional extras. 
 
Information technology has been highlighted as an area that can greatly hinder the 
installation of customisation systems.  Investment in technology and software are 
essential and training must have a high priority.   
 
A thorough audit of all systems pertaining to the manufacturing process will be 
required.  The functions that need to be assessed include the following: 

� Supply chain 
� Subcontractors 
� Product design 
� Manufacture 
� Information technology 
� Marketing 
� Quality 
� Despatching 
� Product testing 
� Production process design 
� Product documentation 
� Maintenance 
� Research and development 
� Prototyping 
 
Our research and available literature makes it clear that the implementation of 
customisation systems is a team effort.  Cultural and organisational changes have to 
be made through team working.  Every member of the team has to be committed to the 
implementation and this commitment is essential for customisation to succeed.   
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5.0 Conclusions 
 
Rapid product-development technology and methodologies have been developed 
within large organisations at high cost but their benefits can now be accessed by 
SMEs. 
 
SMEs involved in the design and development of any product can benefit from rapid-
prototyping technology.  The benefits of rapid prototyping for proving and mould tool -
manufacture will be significant for companies specialising in short run specials or small 
batches of components.  In many cases it will be appropriate for SMEs to invest in 
rapid-prototyping equipment but trials can be carried out using rapid-prototyping 
subcontractors, of which there are many.  Some organisations may find that the use of 
subcontractors will be the most effective way that they can adopt rapid-prototyping 
technology. 
 
Many of the disciplines involved in customisation methodologies can be directly 
implemented in SMEs but they need to be tailored to suit the organisation and its 
products.  The basic principles of breaking down traditional barriers and changing the 
culture can always benefit a company but these have to be done in such a way that 
everyone who is affected is involved in, and carried along with, the change process.  
The formation of project teams is fundamental. 
 
Customisation methodologies increasingly have relevance to both manufacturing and 
service organisations, as changing and demanding global markets exert progressively 
more pressure on companies to remain competitive. 
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7.0 Glossary of Terms 
 
ABS acrylo butadiene styrene 
binder a material used to bind powder particles together. 
bolster tool steel frame into which a mould cavity is either machined or into 

which an aluminium or ‘rapid’ mould is secured. 
CAD computer-aided design 
CAE computer-aided engineering 
CAM computer-aided manufacture 
CNC computer numerical control 
CO2 carbon dioxide 
EDM electrical discharge machining 
ejector pins pins used to eject components from injection moulding tools. 
FDM fused deposition modelling 
injection moulding a moulding process for producing plastic components.  A molten 

thermoplastic is injected into a cavity, allowed to cool and then 
removed. 

investment casting a moulding technique for metals where a pattern is used which is 
burnt or melted out of the mould cavity before liquid metal is poured 
into it, or is destroyed during the casting process 

LENS laser engineered net shaping 
LOM laminated object modelling 
MJS multiphase jet solidification 
porosity voids, bubbles or spaces in a solid. 
re-entrant feature a shoulder or inclined face that prevents a moulded component from 

being withdrawn from a mould 
sand casting the process by which a mould cavity is made by packing sand around 

a pattern.  The pattern is usually not sacrificial and is removed before 
liquid metal is poured into the cavity. 

SGC solid ground curing 
sintering the heating of powders resulting the complete or partial melting of the 

powder grains causing them to bond together. 
SLA stereolithography 
SLS selective laser sintering 
SME small to medium-sized enterprise 
thermoplastic a plastic material which can be melted and resolidified by cooling 
thermoset a plastic material whose components, often liquid, chemically react to 

produce a hard material.  The material cannot be remelted. 
UV ultraviolet  
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