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Chapter 10

Manufacturing and Cost

So far, we have mostly considered the manufacture of single prototypes using
conventional machining and rapid prototyping techniques. These techniques are
typically not economical for mass production of products. Here we will discuss
a wider range of manufacturing methods and their selection. This type of man-
ufacturing often occurs in phases. Primary manufacturing processes, such as
molding, create general shapes. Secondary processes, such as machining, mod-
ify basic shapes from the primary processes to add features. Finishing processes,
such as painting, are used to change the surface of a item to achieve a certain prop-
erty. Finally, finished parts must be assembled efficiently, which also influences
design choices.

We will find that the quantity of parts to be produced is a dominant factor in
selecting a cost-effective manufacturing technique. Geometric properties of the
design, such as qualitative shape, overall size, feature size, and precision also in-
teract with the cost and applicability of different manufacturing processes.

Manufacturing processes

Primary manufacturing processes include metal casting in which molten metal
solidifies in mold cavity, polymer molding in which liquefied polymer is injected
into mold, deformation by forging, rolling, extruding or bending, primarily of
metals, and additive manufacturing in which powder particles such as metal,
ceramic or polymer are deposited in thin layers and selectively melted together.

Secondary processes include: machining, including milling, turning, drilling,

tapping or grinding; joining processes such as welding, soldering, riveting, and
boding; and heat treatment processes like hardening and carburizing.
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Manufacturing Systems

Manufacturers can be usefully differentiated by the quantities of components they
are positioned to produce, the time required to change the parts they are manufac-
turing, and the level of automation. Job shops typically produce small numbers
of parts and can retool quickly. For example, a shop might produce 100 custom
machined joints for a robotics firm. Batch manufacturing systems typically pro-
duce intermittent runs of larger numbers of parts, and take longer to retool. For
example, a company might produce 10.000 specialized screws for an aeronautics
company once or twice a year. Assembly line systems create large numbers of
sets of identical parts, and tend to be more specialized and inflexible. For exam-
ple, an automobile company might produce 100,000 cars of the same model in
one year. Continuous flow systems produce large quantities of highly specialized
parts or materials and are highly inflexible. For example, a paper mill might pro-
duce 500,000,000 identical rolls of toilet paper in a month. As economical volume
of output increases across these systems, so does automation, with concomitant
decreases in flexibility.

Selecting Candidate Manufacturing Methods

To select a manufacturing process we need to
e Identify constraints and objectives,
e find candidate methods that meet constraints, and then
e compare expected outcomes, e.g. cost.

In making this selection, we need to consider factors like quantity, complexity,
material, quality requirements, cost and timing constraints.

Quantity

Manufacturing costs can be usefully divided into two categories. Fixed costs must
be incurred in order to make a single part, typically before production can begin.
For example, a mold might need to be fabricated or a specialized machine built.
Variable costs are linked to the production of each subsequent part, and are there-
fore typically proportional the overall quantity. For example, raw materials might
be purchased to fabricate each component. The total cost of producing a quantity
of parts is simply the sum of the fixed and variable costs. The unit cost is simply
the total cost divided by the quantity.
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As the quantity of parts produced increases, the effect of fixed costs on unit cost
decreases exponentially, while the effect of variable costs remains constant. Pro-
cesses with high fixed costs but low variable costs can therefore be more cost ef-
fective for higher quantities. The figure and tables below provide useful examples
of this phenomenon.
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For this reason, at each quantity of production some manufacturing processes are
much more expensive than their alternatives. Given a desired quantity of parts to
produce, we can therefore immediately narrow the range of manufacturing meth-
ods we will consider. The manufacturing process selection chart below indicates
which methods are cost effective at which quantities.

T Sand casting —&
o Die cast?ng |
=1 Investment casting
f_! Low-pressure casting
E Fgrging ——
= Extrusion
Sheat forming —
A Powder methods I ———
E E | Electra-rachining F—i_
£ E L Conventional machining —
[3 o Injection molding I
Blow molding _r—
E_E Compression molding ——
= %‘ Rolational malding —
If ® Thermalfarming E—
Polymer casting
£ _|_ Resin-transfer molding e
§_ 5 Filament winding
z Fr: Layup methods
o Vacuum bag .
1 10 10 10° [y 10° 10° 107

Econamic bateh eize (units)

Feature Complexity

Some manufacturing processes either cannot be used or are prohibitively expen-
sive to use to form some types of shapes. These relationships are provided for
several common manufacturing processes in the chart on the next page. This
chart is organized by overall shape on the y axis and overall complexity on the x
axis. Complexity might be characterized by the information content of a shape,
i.e. the number of qualitative relationships or dimensions needed to describe it.
With increasing complexity, fewer manufacturing processes are available and cost
increases.
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Increasing spatial complexity —»
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Ability of Manufacturing Processes to Produce Shapes in Fig. 13.6

Process Capability for producing shapes
Casting processes
Sand casting Can make all shapes
Plaster casting Can make all shapes
Investment casting Can make all shapes
Permanent mold Can make all shapes except T3, T5; F5; Ul, U5, U7
Die casting Same as permanent mold casting

Deformation processes

Open-die forging Best for RO to R3; all B shapes: T1; FO; Sp6
Hot impression die forging Best for all R, B, and § shapes: T1, T2; Sp
Hot extrusion All 0 shapes
Cold forging/ cold extrusion Same as hot die forging or extrusion
Shape drawing All 0 shapes
Shape rolling All O shapes
Sheet-metal working processes
Blanking FO o F2; T7
Bending R3; B3; 80, 82, S7; T3; F3, F6,
Stretching F4: 87
Deep drawing T4 F4, F7

Spinning TI, T2, T4, T6; F4, F5



Part Size

Similarly, the size of parts to be produced also limits the set of economically vi-
able manufacturing processes. In particular, overall size and section thickness are
important in mass manufacturing. Overall size may imply a required workspace
for a fabrication tool or a volume of material to cool from liquid form. In many
molding processes, liquids are injected under pressure, and so the total surface
area implies a die force that must be applied to keep the mold together. Section
thickness refers to the smallest dimension of a component feature, e.g. a wall
thickness. If a part is designed with a very thin feature, viscous materials may not
be able to flow into the mold, may prematurely set, or may bead due to surface
tension. If a part is designed with a very thick feature, by contrast, this can lead
to very long cooling times in casting or molding processes. These size param-
eters therefore make some methods prohibitively expensive for smaller or larger
components. These relationships are summarized in the manufacturing selection
charts below.
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Materials

Material properties can also affect the suitability of manufacturing processes. The
table below is a complex, but relatively comprehensive, catalog of material types,
quantities, and candidate manufacturing processes.
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Required Quality

Manufacturing process choice will effect part quality in terms of overall dimen-
sional tolerance or surface condition, with increased quality correlated with in-
creased unit cost. These relationships are approximated below.
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