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Abstract

This paper investigates the strategic application of materials and manufacturing process information during the design process.
Design For Manufacture and Assemi®FMA) has become an important concurrent engineering imperative for cost effective
product design. The basis of design for manufacture and assembly is a systematic procedure for analysing product designs basec
on the application of quantifiable data. The procedure generates a large amount of information and even in computerised form
presents difficulties for decision-making except for the simplest of products. Guidelines encapsulating qualitative information on
best design practice facilitate the procedure. Methods are described for effective integration of quantitative and qualitative
materials, manufacturing and assembly process information during product design. A discussion is also included on the differences
between designing for new products and in designing for changes in existing products.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction amount of information involved. DFMA guidelines are
statementgrules of thumb, tips, aids, hints, suggestions,
Design For ManufacturéDFM) is a systematic pro- etc) of good design practice that have been empirically
cedure to maximise the use of manufacturing processeglerived from past experience.
in the design of components and Design For Assembly The normal result of DFMA, as an integral part of
(DFA) is a systematic procedure to maximise the use of the design process, is simpler and more reliable products
components in the design of a product. To be effective that are less expensive to manufacture and assemble.
in product design, the procedures are often combined asHowever, products designed in this way tend to have a
Design For Manufacture and AssemHlpFMA). The smaller number of complex components, making main-
aim of DFMA is to maximise the use of manufacturing tenance and upgrading difficult and expensive. The
processes and minimise the number of components inemphasis on reducing manufacturing costs has, there-
an assembly or product. DFMA is a systematic proce- fore, been at the detriment of in-service costs. This may
dure for analysing proposed designs from the perspectivenot be a particular problem for mass-produéggically
of assembly processes. To obtain the maximum benefitminimal maintenance, low priced, short life sparod-
from DFMA, the procedure is applied as early as ycts such as the majority of domestic appliances. It is

possible in the design process and used within a con-imnortant, however, for more expensive products such
current engineering teamwork environment. In conjunc- a5™ motorcars and aeroplanes, that maintenance is

tion with the procedure, designers can make use Ofoqired in order to ensure their expected life spans.
DFMA guidelines to help manage and reduce the large Over the years, long life products such as motorcars
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produce a new and improved design. Most of the DFMA
Design concept E: » procedures today are computerised and DFMA can be
Suggestions for J done very quickly, once essential data is entered, allow-
| Design for Assembly '—> simplification of product ing ‘what if' scenarios to be conducted. DFMA proce-
v sructure dures can be supported with guidelines, which are often
Selection of materials and »| Suggestions for more supplemented by the experience of the designer. The
processes and early cost economic materials and f R H H H

processes importance of the contribution from guidelines cannot

be over empha}5|sed. In_ fac'; some DFMA is done purely
through experience, with little or no support from a

’ Do for mamfachs Detail design for systematic_ pr_ocedure or formal guidelines. This
¥ minimum menufacturing approach is highly dependent on the knowledge and

costs

Fig. 1. Typical stages in a DFMA proceduteourtesy of Boothroyd
and Dewhurs{2)).

experience of the individual designer or collective design
knowledge and experience of the company concerned.
Most of the pioneering and ongoing research in the
field known today as DFMA can be attributed to
Boothroyd and Dewhurd]. The procedure-based pro-
cess analyses product designs by performing: a function-
al analysis; a manufacturing analysis; a handling
analysis; and a fitting analysis. Each analysis stage
generates cost indices, allowing problematic areas to be
easily identified and priorities for redesign to be sug-
gested. Repeating parts or all of the process will test the
. design change effectiveness. An alternative to the struc-
perfor_mance_and in large mad_e—to—or_der products SUChtured approach is the integration of all relevant areas
as ships Wh'Ch. reg.ularly receive reflts_. In the future, and a greater emphasis on supporting the design process
government legislation, particularly environmental PrO” (3], The latter approach is inherently more conducive to
tection and the need 1o co.ntro'l th? use of precious supporting directly concurrent team working. The two
resources, might cha}nge this situation. Manufacturersapproaches’ although only subtly different when com-
will be forced to provide alternative uses for the mate- bined, provide structured integration. A benefit of this

:lals aﬂd c&mponen:]stﬁsed :jn tfh;er:r _pr((j)du_cts I.maanlfﬂp— is the mapping of product, process and people and as a
ure when they reach the end of theéir design fives. This consequence consideration of life cycle aspects.

is already being seen with motorcar manufacturers but
little has been done so far for mass produced consume
products. To be effective, consumers will need to play
their part and accept higher prices for their products. In
return the products will last longer, but contain more

adjustable anfbr replaceable components to maintain

appropriate function, and upgrades of components and
or subassemblies to provide improvements. DFMA pro-
cedures will need to reflect the changing situation
adapting to compromise, and handling larger amoun
of diverse information.

With regard to the practice of designing for future
upgrading, this is presently limited for most products
but seen regularly in industrial electronics for example
to facilitate future improvements in functionality and

3, Selecting appropriate manufacturing and assembly
processes

A typical product contains many components, each
requiring a variety of processes. There is usually more
than one method of manufacturing a component from a
given material. There are many classifications of proc-
' essing methods for materials, but hierarchically can be
'S divided into the following categories:

® casting;
2. Design for manufacture and assembly process e forming and shaping;
® machining;
. ® joining; and
The DFMA procedure can typically be broken down e finishing

into two stages as shown in Fig. 1. Initially, Design for
assembly is conducted, leading to a simplification of the  The selection of the most appropriate manufacturing
product structure and economic selection of materials process is dependent on a large nhumber of factors but
and processes. After iterating the process, the best desigithe most important considerations are shape complexity
concept is taken forward to Design for Manufacture, and material properties. DFM needs to take into consid-
leading to detailed design of the components for mini- eration all the above and more in order to support

mum manufacturing costs. The procedure is cost drivendecision making and provide this information in a timely

and importantly depends on the product design alreadyand appropriate manner. Ultimately, most information

existing. The procedure outlined, and there are manycan be reduced to a cost, the paramount driver to
variations[1], optimises the original product design to economical design. DFM converts most manufacturing
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information to cost indices, effectively normalising the 5. The use of design guidéines in the design process
disparate information and allowing direct comparisons

to be made. In computer form ‘what-if' scenarios can  Designing, like any problem solving process, involves
be readily conducted using DFM, allowing optimal making decisions. The nature of the problems depends
solutions to be determined quickly and easily. DFA can on the context and the level of abstraction. Design
be treated in a similar way and if integrated with DFM, guidelines aid the decision making process. Most guide-
allow manufacturing and assembly issues to be investi-lines are empirical and based on intuition and experi-
gated simultaneously. DFMA in combination with a ence. These guidelines are already known by the
strategic application of design guidelines forms a power designer, being triggered by tasks or events as the design
design tool by avoiding over prescriptive procedures proceeds, or obtained from reading relevant texts or
and retaining flexibility for a variety of uses and oper- talking to colleagues. The latter tends to be more
ational styles. This is particularly important today difficult and slower to retrieve, but in combination with
because of a growing emphasis, reinforced by Iegisla—t_he formgr tends to stimulate the thought process. Guide-
tion, on life cycle costs and the need to be more sensitivelines exist for all stages of the design process, but

after their use. the use of design for manufacture and assembly

Efficient assembly, whether manual gfod automatic, ~ 9uidelines. _ _
is as important as efficient component manufacture in At the conceptual design stage of the design process,

the creation of new products. Careful consideration concrete information is limited and abstract thinking
therefore, needs to be given to the simplicity, rate and about manufacturing and assembly is prevalent. At the

cost of assembling components as well as utilising detail design stage of the design process, specific infor-

maximum benefit from component materials and man- mation is considerable and clarifying fine detail about

ufacturing processes. This will undoubtedly necessitate _manufacturlng and assembly to recognised formats dom-

. inates. In between conceptual and detail design the
a compromise between component manufacture and : L :

. . range of information increases as the design of the
pr(_)duct asse_mbl_y fo achieve cost effective products. Th.eproduct is configured and optimised with specific infor-
ultimate choice is often a business one based on avall-mation to facilitate its manufacture.
able resource, strength of competition and market
demand. DFMA as an integral part of a concurrent
engineering team working environment is assured.
DFMA as a design tool imparts the discipline for  the manufacturing of components means that mate-
manlpulatln_g the normally large a_mounts ofquantlta_tlve rials must be converted by a process or series of
manufacturingassembly information but as a design processes to create functionally useful shapes. Each

6. Design for manufacture and assembly guidelines

manufacturingassembly information. by a person antbr a machine and is called a manufac-
turing operation. Each manufacturing operation takes
4. The nature of design guidelines time and has an associated cost. Assembly is an impor-

tant part of the overall manufacturing process. Assem-
bling a product means that a person Amda machine

o ) ; . must retrieve finished components from storage, handle
explicit knowledge on the practice of design. The main yno components to orient them relative to each other,
sources of design guidelines include the literature, the ;o4 mate them. Each act of retrieving, handling, and
direct experiences of practising designers and the eStab'mating a component is called an assembly operation.
lished design practices in engineering organisations. Theggch assembly operation takes time and has an associ-
last two sources are less accessible than the literatureyieq cost. The assembly of components can form a
because of the psychological, social and contextualsignificant part of the manufacturing cost of a product,
considerations involved. DeSign guidelines are often especia”y when |arge quantities of Components are
found where the course of action is not clear but where involved. The use of guide”nes on good design practice
one particular action has been found to work well in the for manufacturing and assembly can help improve man-
past. Design guidelines, therefore, are more frequently ufacturing and assembly efficiency, thereby reduce the
specific to a particular domain and can represent a widetime and costs.

range of experience in the use of existing technology. The following is a list of example guidelines for
Design for manufacture and assembly guidelines areproduct design for manufacture and assemldy-14.
further specific in that they concentrate on a particular The list is not exhaustive and is only a small selection
aspect of design and range from high level and genericof the large number of guidelines found in the design
to low level and domain specific good practice. literature. The guidelines are taken directly from the

Design guidelines are one of the main sources of
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ponents, i.e. multiple functions in a single function
carrier. The result was a single component that supported
the stem and compressed the gland-pack seal eliminating

Fig. 2. Gate valve.

°
texts as quotations but although some describe and list
guidelines separately, the majority have to be obtainede
by careful reading. There is also an element of repetition
by authors of design texts but this is not a problem as e
it reinforces the use of certain guidelines. An important
observation is that guidelines once isolated from their ®
original text remove valuable qualifying information. e
This is not critical to understanding most of the guide-
lines listed below but stripped of detail can result in ®
bland generic statements.

The list of guidelines shown, represent a selection of e
those consulted during the course of designing a simplee®
gate-valve for a domestic water system as shown in Fig.
2. The Boothroyd and Dewhurst DFMA procedure was ®
followed and the guidelines accessed to facilitate the
major decision stages. At the DFA stage, this led to e
suggestions for a more simplified product structure
followed by suggestions for more economical materials ®
and processes. At the DFM stage, this led to a detail ®
design for minimum manufacturing costs. o

The valve consists essentially of a cast body machinede
to receive the sliding gate and threaded actuating stem,
and compression fittinggnut and olive to locate to
adjoining pipe work. For hygiene reasons, all the com- e
ponents are made of brass, except for the handle, which
is pressed steel and painted and its locating nut, which
is zinc-plated steel. These two components are not ine
contact with the process fluid—in this case drinking
water—so do not need to be made of the relatively
more expensive brass. On first investigation, the valve ®
is an entirely functional product made in large quantities
and comprises of a lot of small components. However,
in the area of the valve stem guide and seal there wase
scope for component reduction but at the expense of
component complexity. The design used separate com-
ponents to guide and seal. There was an opportunity toe
combine these functions in a smaller number of com-

the three separate components.

6.1. Design for assembly stage*

Standardised components should be incorporated.
Materials and methods of fabrication must be the
cheapest acceptable.

Manual processes should be reduced to a minimum.
Interchange ability of components should be arranged.
The design must be planned for production.

Make components symmetrical.

Design a base component to reduce the need for jigs
and fixtures.

Design a stacked product in order to achieve simpler
assemblies.

Products for automatic assembly are easy to assemble
manually.

Minimise tolerance and surface finish demands on
components so that production costs are reduced.
Keep the number of components and assemblies to a
minimum.

Simplify handling of components.

Do not specify tolerances tighter than essential for
correct functioning.

Do not specify material that is available only on
special order purchase unless there is no alternative.
Do consider the use of economical order quantities.
Do consider using stock items when you need only a
small quantity of components.

Aim at simplicity and economy of construction
including interchangeable components.

Design for the most suitable production process with
economic assembly as a goal.

Redesign to simply assembly.

Design components to serve more than one function.
Eliminate high precision fits whenever possible.

A reduction in the number of components in a product
or assembly should be the first objective of a designer
wishing to reduce assembly costs.

The most obvious way in which the assembly process
can be facilitated at the design stage is by reducing
the number of different components to a minimum.
The introduction of automation may result in a
cheaper product but one that is quite uneconomical
to repair.

Sharp corners must be removed from components so
that they are guided into their correct position during
assembly.

Apart from product simplification, great improve-
ments can often be made by the introduction of
guides and tapers which directly facilitate assembly.
It is always necessary in automatic assembly to have
a base component on which the assembly can be
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built. °
Make the components symmetrical.

Avoid component features that induce tangling or e
nesting.

It should be pointed out that components that are ®
easy to handle automatically will also be easy to
handle manually. °
Attempt to make components symmetrical to avoid e
the need for extra orienting.

If symmetry cannot be achieved, exaggerate asym-e
metry features to facilitate orienting.

Avoid expensive and time consuming fastening e
operations.

Minimise number of components.
Minimise production steps.

To achieve a high level of reliability the designer e
must consider the use of well tried and tested com- e
ponents and materials, rather then new and uncertain
ones.

Standardise and reduce the number of materials ande
components. °
Avoid unnecessary requirements for accuracy of
manufacture.

Standard sizes and components should be used where
ever possible.

Introduce datum systems whenever a high degree ofe
accuracy is necessary in the location of interchange-
able components.

Will one spanner fit all clamp bolts and nuts?

Follow symmetrical layouts.

Designs should be made for ease of packing.

Use standard components, processes and procedures
whenever possible.

[ ]
Avoid sharp edges and angles.

Make sure disassembly is equally practicable as e
assembly.

*Where a guideline suits DFA as well as DFM it o

appears as DFA.

6.2. Design for manufacture stage

The designer must be aware of the capabilities of @
his/her workshop, sub-contractors and materials
suppliers.

Design castings so as to minimise the cost of flash
removal.

Provide just sufficient material at all points where
machining is required to permit machining within the
limits specified.

Avoid the use of undercuts where possible.

Select materials to suit each processing operation
best. °
Avoid slow processes and design for high speed @
continuous processes.

655

Eliminate expensive operations not really needed to
achieve function and simplify design details.
Eliminate the need for expensive machining of com-
ponents to excessively close tolerances.

Select materials for suitability as well as lowest cost
and availability.

Insure maximum simplicity in overall design.

Use the widest possible tolerances and finishes on
components.

The designer must make every effort to specify the
lowest grade of material that will meet his needs.
The best way to achieve true reliability is by
simplicity.

Design to fit the manufacturing processes and reduce
costs.

Choose materials for a combination of properties.
Design castings so that they will combine as many
components as permitted and still avoid undue com-
plexity and excessive costs.

See that all sections are of uniform thickness.

Fillets should be used at corners wherever possible
avoiding sharp corners but not so large to produce
heavy cross-sections.

It is not desirable to design structures with abrupt
changes in section.

Aim to make castings as simple in structure as
conditions permit.

Employ ribs to help avoid warping or are needed for
extra stiffness and can be used to lower weight.
Inside radii on bends should not be less than the
thickness of the metal.

Depth of draw should be kept as small as conditions
permit if cost is to be minimised.

Gauge of stock should be as light as conditions
permit.

If a component is one normally exposed to view,
make sure that its appearance is as pleasing as due
economy in production permits.

Avoid square bottom holes when a hole made with a
standard drill will meet the requirements.

Unless removal of burrs is necessary, do not stipulate.
Design the component so that the number and dura-
tion of machining operations required are minimised.
Select materials that, consistent with minimum cost
and with other requirements, machines most readily.
Design the components so that the smallest diameter
of stock that is readily available can be used and so
that the overall length is minimised.

Design the component so that it can be machined
with a minimum number of tools and with standard
tools unless special ones effect economies.

Develop the design to contain as many identical
components as possible.

If you cannot eliminate fasteners, standardise them.
The designer will nearly always be able to reduce the
number of components by combining two or more
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functions in a single component. decision-making supported by guidelines. DFMA
Ensure changes of section are gradual. (linked DFM and DFA quantitative evaluation meth-
Allow for the effect of thermal stresses. odologies are already well established and some have
Aim at uniform wall thickness and cross-sections and been implemented as commercial software packages
at gradual changes of cross-section. with DFM application-specific modules. Design guide-
Avoid excessively small tolerances. lines databases because of the heuristic nature of guide-
Use standards and codes wherever possible. lines are less well known although attempts have been
For economic reasons, the attempt should always bemade at developing electronic databases. Research indi-
made to fulfil several functions with a single function cates that the solution lies in the development of
carrier. appropriate knowledge representation and artificial intel-
Put a price on every tolerance and finish. ligence technigues. The use of separate software pack-
Manufacturing processes favour objects with planes ages at present is not seen as a major problem but the
at right angles to each other and those that can bebenefits of integration with the facility to automatically
turned on a lathe. interrogate a guidelines database, as the design progress-
Select materials that will lead themselves to low cost es, would be very beneficial. The major challenge is to
production as well as design requirements. create an intuitive design environment that is conducive
to simultaneously handling scientifically based factual

. Quantitative vs. qualitative information

knowledge and empirically derived heuristic knowledge.
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