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KEY QUESTIONS

What is Design For Cost, DFC, and how can costs ba astimated?

‘What is Design For Value, DFV, and how is value differertfrom cost?

How can a product be easy to manufacture (DFM) and assembie (DFAL?
How do Failure Modes and Effects Analysis (FMEA), Fault Trae Analysis
(FTA), and Design For Reliability (DFR) help eliminats failuras?

Can products be designed that are easy to test (DFT) and measure (DFiv)?

s What can a designer do to protect the environment (DFE)?

11.1 INTRODUCTION

In Chap. 10 we considered the best practices for evaluating ihe product desica
relative to performance, tolerance, and robustness. Also of importmee are the
evaluations for cost, ease of assembly, reliability, testability and maintainability,
_and environmental friendliness, all covered in this chapter. These ¢valuations havz

come to be known as Design For Cost (DFC), Design For Assembly (DFA), DFR.
DFT, and so on, or generically—DEX. This is the TLA {Three Letter Acionyi)

chapter.

mﬁm—nssmﬂ FOR COST

of the most difficult and yet important tasks for a design engineer in tzv2l-
- oping a new ct 1s eshimating its tion cost. It 1S important to gencrare

a cost estimate as early in the design process as poss__ible and to comnpare wiih the
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/Aghty percent of the cost is incurred by 20% of the cnmpmenta/—i

cost requirements. In the conceptual phase or at the beginning of the embodiment
phase, a rough estimate of the cost is first generated, and then as the pmduct 1S
refined, the cost estimate is refined as well. For redesign problems, where changes.
are not extreme, early cost estimates may be fairly accurate, because the current

costs are known.
As the design nratures, cost estimations cnnverim___’ﬂyﬂ nal cost. This often

_—— S

requires price quotes from vendors and the aid of a cost estimation specialist.

Many manufacmnng_mmpm_have a purﬂh&ﬁln“ or cost- esnmanng depart-

T

ment whose responsibility it is to generate estimates for the cost of manufac-

sr————

tured and pu purchased components. However, the designer sharés the responsibility,

T i T e

ﬂSpeclaII}’ when there are many concepts or variations to consider and whea

e E—— — - —

i

the Pmﬁ““ﬂl cnmpnnents are (0o a ﬂbSEl'ﬂCt fQLDIh::{SJD ED:-I cst:mate_ Before we

R —

stand what cunlrul the design cngmecr has over the mg:_lufactunng cost gggsellmg.

price of the product. ey

Since cost is usually a (driving constraint, many companies use the term . ¢

Design For Cost. DFC, to emphasize its importance. Th:s means keepi ing ag

evolving cost esumate current as the prudu-:t is refined.

.P—-r

Y

2.1 Determmm the Cost of a Product
—— e =

he total cost of a prnduct to the customer (i.e., the list price) and its constituent
parts are shown in Fig. 11.1. All costs can be lumped.into two broad categones,

= .
o o e e L AT
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' & direct costs and indirect costs. Direct cosis are those that can be traced directly
r? o EI_SPEEiﬁC component, assembly, or product. All other costs are called indirect -
4 costs- The terminology generally used to descnibe the costs that contnibute to -~
; ¢ direct and indirect costs is defined here. Each company has its own method
of bookkeeping, so the definitions given here may not match every accounting
. scheme. However, every company needs to account for all the costs discussed.
‘@ - Amajorpartof the direct cost is the material costs. These include the expenses.
& of all the materials that are purchased for a product, irfcluding the expense of the
@8- Wastecaused by scrap and spoilage. Scrap is often an important consideration. For
@& most materials, the scrap can b reclaimed, and the return from the reclamation

=q

~J can be deducted from the material costs. Spoilage includes parts and materials

(e S —

§ thatmay not be usable because of manufacfuring defects, deterioration, or other

— B 3

. damage. Part fallout, those components that cannot be assembled because of poor - _
3 fit, also contributes to spoilage. : .
&~ Components thatare purchased from vendors and not fabricated in-house are

& also considered direct costs. At a minimum, this urchased-parts cqq:_includes
- fagteners and the packaging materials ysed to ship the product. At a maximum, all

- componentsmay be miade outside the company with only the assembly performed
« In-house. In this case, there are no material costs. 1
Egbarcost is the cost of wages and benefits to the workforce needed to man-

BT Sm—

ufacture and assemble the products. This includes the gmployees’ salaries as well -

asal] @gﬂ: ﬂ;ﬁ%ﬁ, includiilg medical insurance, retirement funds, and vacation
times. Additionally, some companies include overhead (to be defined shortly) in
B ficuring the direct labor cost. With fringe benefits and overhead included, the _
B labor cost of one worker will be two to three times his or her salary.
‘B  The lastelement of direct costs is the tooling cost. This cost includes all jigs,
. . fixtures m“_._Ii‘-‘f"' and other Qm%@lm&mﬂ or Eurchased for the
&~ production of the product. For some products, these costs are minimal; very few
B  items are being made, the components are simple, or the assembly is  easy. On the
B other hand, for products that have injection-molded components, the high cost of
maﬂufacmdng,ﬂlﬁ.mﬂldﬁm;_m_ajnr portion of the part cost.

3 Figure 111 shows that the sum of the material, labor, purchased parts, and
e tooling used is the direct cost. The manufacturing cost is 'fh“ d}rect cost plgus
% the gverhead which includes all cost for administration, engineering, secretarial
8 work, cleaning, utilities, leases of buildings, and other cnstS.riE{it geclr aay to day,
& cven if no product rolls out the door. Some companies subdivide the overhead

into engineering ov and @@yﬁ%‘%&m@' the engineering portion
inclu expenses-associated with research, development, and the design of

*  the product. Many companies subdivide overhead into fixed and v iable portions,
‘B items such as shop supplies, depreciation on equipment, equipment lease COSIS,
* and human resource costs being variable. |
g The mﬁgwmmspﬂlﬂgﬁm w;i};c Tl[;;
| ' purchased-parts costs are variable costs, as they vary direc

B i vamberofunitsprotuced. or mos g Glumepuisss, i iy,
E hf@ﬁm,itﬁmwmﬂﬂmmmmmiceasww.

My T

N |
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R =
O et I ]
e
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Cost per molor

$0 = 1 ey | s |
1 . 10 100 1000 10,000 100,000

Volume purchased

Figure 11.2 Sample of cost per volume purchased for a component.

However, at lower volumes, the costs may change drastically with volume. This'

is reflected in the price qunte madﬁ by a vencﬁ":r for a small electric motdr shown

inFig. 112
Other manufactunng costs such as tooling and overhead are, Eed costs, be-

cause they remain the same regardless of the ‘number of units made. Even if
[}TDHL‘ICUUH fell to zero, funds spent on tooling and the expenses associated with

_lnit time. Addumnally, if the firm is huym&_fmm a vendor, the paperwork and

t?l;cﬂmeg and nﬂnp[ndumnn labor would remain the same,

[n general, the cost of a component, C, can be calculated by:

' Cc. ’CE
A - n

where C,, is the cost of matgg'gl_s;nmjz:d for the component (raw materials minus
salvage price for scrap), C, is the capital cost of tooling and a fraction of the
cost of the machines and Tacilities needed, n is the number of components to be

made, C; is the cost of labor pet unit time, and n is the number of components per.

other overhead of selling a small quantity of an item may also appear in C,. The. It
curve that results from this equation generally looks like that in Fig. 11.2. At low o
volume, the second &nd third terms dominate and at high vnlume tie firstterm, . B

the cost of materials, serves as an asymptote.

The total cost of f the product is the marufacturing cost plus the selling ex-
nses. It accounts for all the expenses needed to get the product to the point of

sale. The actual selling price is the total cost plus the profic. Finally, if the product
has been sold to a distributor or a retail store (anything other than direct sales o
the: customer), then the actual price to the consumer, the list Ence, is the selling

plus the discount. Thus, the discount is the part of the list price that covers

the: costs and EIruﬁts of retail sales. If the design effort is on a manufactuning
machine to 0 house, then costs such as discount and selling expenses

do nntmﬂmn_ﬁhe bookkeeping practices of the particular company,

there may still be profit included in the cost.

-
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Figure 11.3 Design cost as a fraction _
of manufacturing cost.

B _ _"Eh&sala.tiﬁ_fgrr the designers, drafters, and engineers and the costs for their
% equipment and facilities are all panﬁthe: overhead. Designers have little coitrol
{EEfr_@ESE ﬁl_(ﬂ‘_i Cxpenses, beyond using their time and equipment efficiently. The
% Mﬂ@w on the direct costs: tnqﬁng, labor, matenal, and purchased

@  partscosts. Reconsider Fig. 1.2, reprinted here as Fig. 11.3. These data from |
~ @& show the manufacturing cost, emphasizing the low cost of design activities, If
“§& it is assumed that the costs of purchased parts and tooling are included in the
&  material costs, then these account for about 50% of the manufacturing costs.
he labor is about 15%, and the overhead, including design expenses, is 35%.
As a rule of thumb; for companies whose products are manufactured mainly in
bouse and in high volume, the manufacturing cost is a&rnximatﬂli three times
& _thecosto the matenal_s* Also, the selling price is mxw@_
¥ material cost, or three time acturipg cost. This is sometimes called the
- e —— " . : .
¢ . material-manyfagturing-selljog 1-3-9 rul IS ratio varies greatly from product
E——— S——— . : . :
to product, The Ford data in Fig. 11.3 show a 1:2 ratio between matenals costand
*manufacturing cost, less than the rule would-predict. : -
Figure 1.3, reprinted here as Fig. 11.4, shows the influence of design quality

on manufacturing cost. As already mentioned, the d er can influence a
irex ] including the types of materials used, the_purchased

direct costs-ina product,includin
parts specified, the production methods, and thus the labor hours and the cost of

:  tooling. Iv_[ana@mt, on the other hand, has much less influence on the manu-

: ing costs. They can negotiate for lower prices on a material specified by the .

designer, negotiate lower wages for the workers, or try to trim overhead. With_
these considerations, it is not surprising that data in Fig. 11.4 shoy that 50% of
the.influence on the manufacturing cost is controlled by design,/” 3

: 1 thz - : zin. This 1s

[ 1 AN [ L] &
i e

& £ calculated e i0 0 t to,selling ptice. Typically, for product
}f "generating companies, a margin of 40-50% will generate a d e
= ‘ gustom production, it

uction, this may drnE"to 10%, and for

o be 8 g g ST e
To get a feel Tor these costs, consider a bicycle that has a list price of $750

(Fig. 1 1.5}.As= can see, only half the list price actually goes into manufacturing

319
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List price

Discount $173

Profit $171

Selling
expenses 35

Indirect
costs $390

Overhead $40

Tooling $5

Labor |
(9 hours) $90

Purchased
parts $200

Direct _
costs $360

Material $65

Figure 11.4 The effect of design quality on manufacturing cost.

Margin 29%

Mark up 30%

I

Fixed
costs $145

Variable

costs $355

M{"g'
costs $400

F

costs $405

in business.

Figure 11.5 Cost breakdown for a $750 hicycle.

w

Selling
Total price 3576

the bicycle (direct costs = $360). Also, the manufacturing company only makes
$171 profit. Althnugh this seems reasonable, a margin of 29% is just barely hx,gh

ineer to km::w thc manufactunng cost nf gompo-

lnmanl mm%ﬁfg‘__cg

fasslunnl who 51 176S 10 delerminng
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:II
| el

- ﬁ'- cost of acomponent whether it is made in house or purchased from a vendor. This

persun must be as accurate as possible in his or her estimates, as major decisions

abnut the product are based on these costs. Cost estimators need fairly-detaifed
~ information to perform their ]Db It is '..‘:I'IIE:alIE[lETu___;h;_; s Bt 218

f-‘r?“ iﬁlﬁﬂﬂu&gwhe_cgsL

: i psnmmr,ﬂ conceptual designs in the form of rough sketches and expect any co-

3. uperanun i return. In most small companies, all cost estimations are done by the
& engineer, |

5 ; 1 /The first estimations should bf:: made early in the product design phase and be
-+ precise enough to be of use in making deczsmns about which designs to eliminate _
s on and which desi; ntinue reﬁnmg At this stage of the

!:p- }

& Eocess, cost estimates withirl of the final direct costare 20551b1e The gual
I Y

" 15.to have the accuracy of this estimate improve as the design is refined toward
F - the final product. The more €X lence one has i

estimating similar ﬂ_pducts

the more accurate the s will be.s

' :. § ~ Thecost-estimating m;ﬂg&ad&p&mhmﬁwﬂhs_mwﬂu
* product There are three possible options for obtaining the componepts: purchas
% d

Enlshed componenis from a vendor, have a vendor produce components eswna
m house, or m&nufacmre cnmponents in gguaﬁ.

S5 -As discussed in Chap. 9, there are strong incentives to buy existing compo-
“ pents from vendors. If the quaut:_y to be purchased is large enough, most vendors
WIH work with the product designer and modify existing components to meet. Lhe
& needs of the new product.

If existing components or modified components are not available off the

| “fshe_lf;rhenﬁey_mmLm_pmMed in which case a decision must be made as

¢ to whether they should be produced by a vendor or made in house. This is the

classm “make or buy” decision, a complex decision that is based on the e

mmgc}nent involved as well?ihwmuzau:m of equipment, the investment in

-_:_- n: facmﬂng personnel, an plans by the company tn use smuiar manufac tunng

& equipment in the future.

& Regardless of whether the component isto bc made or hought cnﬂ__.es__mm

; > vital. We Jook now at cost estimating for two primary manufacturing processes:

o and m_}EEtlﬂn mﬁlc

a hi ed co nponents a U Llldhl e

& Dot wantec  Thus, thccnsts for mach "1 are pomarily dependent On the. cost

am:l shape of the stock mategial, the amoun that peed

. to be removed, and how_ ceur hese three areas can be
ﬁuthei;dcgol_nm_ﬂ seven s:ggﬁcant control factors fhat determine the josb
“ of 2 machined component:

L2 1. From what material is the component to be mnshined'? The material af-

lu

fects the cost in three ways: the cost of the raw material, the value of (he SCrap.
produced, and the ease with which the d. The first two
are direct material costs, and the lastaffects the amount of labor, the amount of

time. and the choice of machines that are used manufacturing the component.

C_Mall [ ] Illlll Illlll [
i-r_——""_ '_'_. =l
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2. What type of machine is used to manufacture the component? The type of
machine—Ilathe, hnnznnla] mill, vertical mill, and so on—used in manufac-
ture affects the cost of the component. For each type, there is not only the cost
of the machine time itself but also the cost of the tools and fixtures n needed.

3. What are the major dimensions of the Enmpnm:;r ! This_factor helps.

determine what size of machines of each type will be required to manufacture
the component. Each machine in a manufacturing facility has a di fferent cost
for use, depending on the initial cost of the machine and its age. T

4. How many machined surfaces are there, and how much material s to
be removed? Just knowing the number of surfaces and the material removal
Etm (the ratio of the final component volume to the initial vo volume) can aid

in giving a gwmmm_mquued_mmanmmmf [*:Tﬁi?f-'[l:ﬂ;

that are more more accurate require knowing exactly what machining operations
will be used to make each cut.

5. How many components are made? The number of components in a batch
has a great effect on the cost. For one piece, fixturing is minimal, though

long setup and alignment times are requueTFora—fewmtm"sﬁ@E fix-

tures are made. For a high volume, the manufacturing process is autnrnated
with extensive fixturing and numm

6. What tolerance and surface finishes are required? The tighter the tolerance
and surface finish requirements, the more time and equipment are needed in
manufacture.

7. Whiat is the labor rate for machinists?

As an ¢xample of how these seven factors affect the cost of machined components,
consider the component in Fig. 11.6.! For this component the seven significant
factors affecting costare :

1. e material 1s 1020 low-carbon steel.

2. The major manufar:tunng machine is a lathe. Two additional machines need
to be used to mill the flat surfaces and drill the hole.

3. | major dimensions are a 57.15-mm diameter and a 100-mm length. Fhe
initial raw material must be larger than these dimensions.

4. There are three turned surfaces and seven other surfaces to be made. The final
component is approximately 32% the volume of the original.

5: The number of components to be made is discussed in the next paragraph.

6. The tolerance varies over the different surfaces of the component. On most
surfaces, it is nominal, but on the diameters, it is a fit tolerance. The surface
finish, 8 pm (32 pin.), is considered intermediate.

7. The labor rate used is $35 per hour; this includes overhead and fringe benefits.

1The cost estimates in this section were made by eatering values for these factors on a spreadsheet
available as & template that can be used to estimate the cost of any machined part

-
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1.123
1.750
1.747

e
W
2 Drill \% |

0.00 - 0.99 —+ 0.004
Tolerances 1.00-2.79 —=+0.006
2.80 - 7.49 -+ 0.009

except as noted

All dimensions in inches
Mal:rigl: steel 1020
Surface finish £y

Figure 11.6 Sample component for evaluating machining cost.

Figure 11.7 shows the cost of this mmponent for various manufacturing
volumes. The values are the total manufacturing cost per component. The cost
of materials per component remains fairly constant at $1.48, but the labor hours
and thus the cost of labor drop with volume. For machined components, the cost
dependence on volume is small in quantities above 10 bacause of the use of
Computﬁ' -Aided Manufacturing, CAM.

The dcpenden:a of the manufactuting cost on uther variables is shown in
Table 11.1, in which the tolerance, finish, and material are varied. The first three
lines show the change with tolerance. A fine tolerance was used for the data in
Fig. 11.7 and is shown in line 1. As the tolerance was relaxed to nominal (2) and

then to rough (3), the cost dropped.
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Elhﬂ _Iﬁbnjj .I

S140
3120

Manufucturing cust per unit

$20 | 1243 11.03  10.89
& .
n | L | | el

l 10 100 1000 10,000
Manufactured volume

Figure 11.7 Effect of volume on cost

Table 11.1 Effect of tolerance, finish, and material on cost

Control parameters |

Tolerance Surface finish Manufacturing cost
|. Fine - Intermediate '$11.03

2. Nowinal Intermediate $8.83

3. Rough [ntermediate . §7.36

4. Fine Polished $14.85

5. Fine As turned - $8.17

6. High-carbon steel $22.45

Note: For 1000 units.

Aocluct cost goes down exponentially with / l :

increased production mlurne/./

—_— = —

— -

The fourth and fifth lines show the effect of surface finish on the manufac-
turing cost. The data in Fig. 11.7 were based on an intermediate surface fnish,
as specified in the drawing. As this was improved (4), the manufacturing cost .
rose, and as it was reduced to “as turmed"” (5), the cost dropped dramatically.
Also shown in Table 11.1 is the effect of changing the material from low-carbon
steel to high carbon steel (6), which doubles the cost when compared to line 1
in mdeMhMM&RW}ndm increase in the
machining time. | .
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.24 The Cost of lnjectmn-Muldad Cnmpunents

: Prubably the most popular m;mufm.turmg method for high- volume products is

plastic injection molding. This nmﬂlg_i_ijl]uwb for great "L.‘-'LII‘.IIIII}’ in the shape of
the components and, for manufacturing vuiumm over 10,000, 1s uaull’lly cost effec-

also affect the cost of injection-molded components. The only differences are that
thﬁre‘lmﬁmachme an injection-molding machine, and the questions
concerning geometry are modified. Besides the mamr dimensions of the compo-
nent, it1s lmpanant to know the wa!l thickness and component complexity in order
to determine achine needed, the time 1t will take the com-
ponents to cool su ciently for ejection from the machine, the number of cavities in
the mold (the number of components molded at one time), and the cost of the mold.
To demonstrate the effect of the factors, we show the cost for a clip, shown

in Fig. 11.8.% The significant factors affecting cost are

Jive. Onacoarse level, all the factors that t affect the cost of machined components

1. The overall dimensions are 9.46 cm (3.72 in.) by 4.52 cin (1.77 in.) in the
mold plane and 4.13 cm (’1.\6 in.) deep.

The wall thickness is 3.2 mm (0.125 in.).

The number of components to be manufactured is 1 million. |
The labor hourly rate is $35.

The tolerance level 1s intermediate.

The surface finish is not critical.

w

L

N » o

The cost of manufacturing the component in Fig. 11.8 is shown in Fig. 11.9 for
varying pruducnun volumes. The capital cost of making a mold is high enough
to dominate the cost of the component at low volumes. This is why making ]ust

1000 injection-molded plastic parts would be very expensive. A

. that ;fmiﬂw_mlmne is less than 10,000, plastic injection muldmg

may be cost |
m&nufacmnng cost can be affected by the wall thickness. In the drawing,

the thickness is 3.2 mm. If this is lowered to 2.5 mm, the part cost will drop about
18%. This is primarily because the time needed in the mold for cooling drops

from 18 sec to 13 sec, saving cycle time.

u}t%(ow—nssmn FOR VALUE

- % i

“The cost estimates in this section were made by entering values for these factors on a spreadsheet

~ available as a template that can be used to estimate the cost of any machined part.

b

ftum the cost uf a cumponent to its value to the customer. The key point of value
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Figure 11.8 Component for cost estimation.
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engineering is that it is not sufficient to only find cost—it is necessary to find
the value of each feature, component, and assembly to be rndnuhuurt,d Value is
defined as .

Worth of a feature, c:::rmpnne:'nt. or ass::mbiy e
Costof it .

The worth of a feature of a cnmpﬂnenl for exanlp!e 1S dE:[ErI'nlnEd | by the func-

tionality it provides to the customer. Thus, a refined definition for value is ﬁmcrmn
mumitd er dollar of cost.

The value formula is used as a theme r.hruugh the value engineering steps
suggesied here. These steps are focused on features of components. The method 7*(/
can also be applied to components and assemblies. /Y

X

Value =

To ensure that all the functions are kno each feature of a
nent n, What does it do? Ifa ftatum_pmwdﬂs more than one

fupction, this Fact mus ggrbe noted. Features that result from a speci fic manufac[ur
ing operation are at the finest level of granularity that should be

the machined component in Fig. 11.6, each turned diameter and fdce, each mtl]ﬂd

- surface, and the hole should be considered. For the injection-molded plastic part

in Fig. 11.8, the 6.4-mm-radius round feature at the bottom is a good feature to
query. This feature provides a number of functions.

is cost should include the '

u ost as well :e.r_:lnﬂnsn:eam costs to the customer. Ir the
feature mvlde:s multiple functions, the cost sh should be divided into cost per func-
Jrovides mul

tion. To do this, consider an equivalent feature that provides only the funcfion in_

on. Mmgh it is not accurate bec ause of the mterdeljendenﬂa of functions,
lt_E"fEs an estima
The cost of the round feature (R = 0. 64 cm) in Fig. 11.8 is not evident.
Consultation with tooling and manufacturing engineers revealed that, fora volume
of 100,000 cumpunents ($0.65 component costin Fig. 11.9) $0.02 was due to this
feature. Their logic was that the feature does not contribute to labor cost because
the cycle time would not change :f the feature were removed. They estimated that,
since the feature was hard to mar.:tunc in the mold, it contributed about 5% to the
mold cost. Amortized over the production volume, this gives $0.017. Finally, the
material used for this feature is worth $0.003. So the feature costs $0.02 total.

- It could be argued that the structure of the body of the component should be

mchuhd because it contributes to the function of the round feature. A decision

to be all the costs in the mmgnnen , one of the
chaﬂenﬂ nf value WE.
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then the best that can be done is to ask , How important is gg'!gfﬂature 1o the

customer?

%ture being used as an example contributes to a number of functions
lhat are_very important to the customer. To complicate matters, each of these

iﬂ:tmns involves other features. The best that can be done is to say that the
[functions contributed to by the round feature are worth a great deal to the customer.
Acustomer will not pay as much fora product that is hard to attach, so the engineers
estimated the worth at $2.00. Keep in mind fhat this method compares refative
values, and not the ‘v'alth‘:S thermsefves— STy 5

% Compare urth to cost to identify features that t have low relative value.
- {f &pe feature costs H'IDrE than the others and i 15 s worth pruwdes Important
function to the pmduc[——then its value may be as high as or higher than the others.
On the other hand, if its costs outweigh its worth, then 1[ has low value and should
be redesigned '
" The round feature contributes to a number of important functions for very,
low costand thus is considered to be of high value.

"The concept of value is further discussed in Section 11.5, Design for As-
sembly. In that section, features are added ta ease assembly. Even though these
features cut assembly time and thus cost, they often raise the manufacturing cost.
Whether to use these features is best judged by considering their value.

DFVM—DESIGN FOR MANUFACTURE

The term Design For Manufacture, or DEM, is widely used but poorly defined.
Manufacturing engineers often use this term to include all or some of the best
practices discussed in this book. Others limit the definition to include only design
changes that facilitate manufacturing but do notalter the concept and functioaality

of the product. Here we will define DFM as establishing the shape ufcaﬁomu*_
to allow L‘ar efficient, hi?‘? quality manufacture. Notice that the subject of the d
nition 1S component. [ tact, DPM could be called DFCM, Resign For Cump{ment

~ Manufacture, to differentiate it from Desxgn For Assembly, DFA, the assembly

of components covered in the next section.
The key concerrof DFM is in specifying the best manufacl:unnﬂ process for

f;h_cumponenl and ensuring that the component form supports the manufaciuging
Eg‘ﬁgm;;@ Fg_r_m__c_umunﬂﬂnt. many manufacturing progesses can be used.

or each manufacturing process, there are design g__ldﬂllﬂﬂh that, if followed,

S Lo L

result in consistent companents and little waste. For example, the best
anyfz ip i Flg 11.8 is ;mggtmn molding. Thus, The form u% the clip

will need to follow design guidelines for plastic injection molding if the product is

T ey

to be free from sink marks, surface finish hlamlshe:s and nthcr prnhlems causing
low-qu gmy [csulls

{M compﬂnmts must be hc.ld for machmmg relens::d from

- =
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If you-don't have experience with a manufacturing process
you want to use, be sure you consult someone who
has —before you commit to using it. A

. : g |'| &

molds, and moved between processes. The. design can affect M Mg rins *l'ﬁj)

allof these manufacturing issues, Further, the design of the tooli ng and fixturin _ ~ ) DﬂM » AT
esign -

should be treated concurrently with the developmento Thec e M

of tool ing and fixturing follows the same process as the design of the component: asod J‘L

[Establish requirements, develop concepts, and then the final product. = Modesy) X {7
_Inthedays of over-the-wall product design processes, design engineers would M e

sometimes release drawings to manufacturing for components that were difficult [)LOCLA"> :i
or .::m ossible to make. The  concurrent engineering philosophy, with | rhanut_facull_rr- g v

ing engineers as members of the desi gn team, helps avoid these-problems. With (:.ﬁ ; C/—{M ‘
mﬂuﬁﬂdﬁﬁ%ﬁ impossible for a designer to have suffi- }
cientknowledge to perfo out the assistance of manufacturing experts.

jI'here are far too many manufacturing processes to cover in this text. For
details on these, see tzi/ﬂesfgn for Manufacturability Handbook.

e ,LJJ DA %M&MMS

11.5 DFA—DESIGN-FOR-ASSEMBLY

EVALUATION

Design For Assembly, DFA, is the best practice used to measure the ease with
which a product can be assembled. Where DFM focuses on making the compo-
nents, DFA is concerned with putting them together. Since virtually all products
are assembled out of many components and assembly takes time (that is, costs
money), there is a strong incentive to make products as easy to assemble as
possible. ~ '
Throughout the 1980s, many methods evolved to measure the assembly effi-
ciency of a design. All of these methods require that the design be a faicly refined
product before they can be applied. The technique presented in this section i
based on these methods. It is organized around 13 design-for-assembly guide-
lines, which form the basis for a worksheet (Fig. 11.10). Before we discuss thess
I3 guidelines, we mention a number of important points about DFA.

Design For Assembly is important only if assembly is a significant
part of the product cost. :

——

g e —,
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Assembling a product means that a person or a machine_must (1) retrieve
components from storage, (2) handle the components t6 orient them relative to

each other, and (3) mate them. THUS; e 2ase of assembly is directly proportional

_
# T - ey T
B % R i e X
-

E: to the number of components that must be retrieved, handled, and mated, and the
s easewith which they can be moved from their storage to their final, assembled po-
|t 4 sition. Each act of retrieving, handling, and mating a component or [epositioning
: & anassembly.is called an assembly operafion. -
1 ~ Retneval usually starts at some type of component feeder; this can range
E frnn'.!_a stmple bin of loose bulk components to an automatic machine that feeds
= one component at a time in the proper orientation for a robot to handle.

Component handling is a major consideration in the measure .of assembly
quality. Handling encompasses maneuvering the retrieved component into posi-
tion so that it is oriented for assembly. For a bolt to be threaded into a tapped hole,
it must first be positioned with its axis aligned with the hole’s axis and its threaded
end pointed toward the hole. A number of motions may be required in handling
the component as it is moved from storage and oriented for mating. If compo-
nent handling is accomplished by a robot or other machine, each motion must be
designed or programmed into the device. If component handling is accomplished
by a human, the human factors of the required motions must be considered.
- Component mating is the act of bringing components together. Mating may
be minimal, like setting one component on the flat surface of another, or it may
require threading a fastener into a threaded hole. A term often synonymous with
mating is insertion. During assembly some components are inserted in holes,
others are placed on surfaces, and yet others are fitted over pins or shafts. In all
these cases, thé components are said to be inserted in the assembly, even though
nothing may really be inserted, in the traditional sense of the word, but only placed
on a surface. '
DFA measures a product in terms of the efficiency of its overall assembly
and the ease with which components can be retrieved, handled, and mated. A
product with high assembly efficiency has a few components that are easy to
handle and virtually fall together during asse‘mblyl. Assembly Efﬁﬂ[ﬂn{:}l" can be
<demonstrated by considering the seat frames designed for a recumbent 'Dl-:.‘:}'ﬂle (a
bicycle ridden in a seated position). Figure 11. 11 shuw.s an old frame, which had
£ nine separate components requiring 20 separate operations to put together. These
B __included positioning and welding operations. This frame took 30 min to assemble.
i TIncontrast, the new frame (Fig. 11.12) was designed with assembly efficiency as a
major engineering requirement. The resulting product has only four components,
requiring eight operations and about 8 min to assemble. The savings in labor
is obvious. Additionally, there are savings in comporent inventory, component
handling, and dealings with component vendors. s
*  Guidelines similar to those on the worksheet of Fig. 11.10 were used in the
£ design of the new seat frame to make it efficient to assemble. The worksheet is

designed to give an assembly efficiency score to each product evaluated. The score
| ranges from 0 to 104, The higher the score, the better the assembly. This score is
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E

Figure 11.41 Old seat frame.

Fin:.ll'l 11.12 Redesigned seat frame.
______._—_—.—.—_——-———l- .

Asingle part costs nothing to assemble.
| R —M. M. Andreassen

__——__—__———'_"'——1-_-—_———__

-

-
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used as a'relative measure to compare alternative designs of the same product or
similar products; the actual value of the score has no meaning. The design can be
patched or changed on the basis of suggestions given in the guidelines and then
reevaluated. The difference between the score of the original praduct and that of
the redesign gives an indication of the improvement of assembly efficiency.

Althuugh this technique is only applied late in the design process, when the
product is so refined that the individual components and the methods of fastening

~ are determined, its value can be appreciated much earlier in the design process.
This is true because, after filling out the worksheet a few times, the designer
& develops the sense of what makes a product easy to assemble—uknuwledgf: that
&, will have an effect on all future products. _
Using ease of assembly as an indication of design quality makes sense cmly
for mass-grodu;ed products, since the design-for-assembly guidelines encourage
¥  afewcomplex components. These types of components usually require expensive
& tooling, which can only be justified if spread over a large manufacturing volume.
e Finally, the relationship between the cost of assembly and the overall cost of
the product must be kept in mind when considering how much to modify a design
according to these suggestions. In low-volume electromechanical products, the
cost of assembly is only 1 to 5% of the total manufacturing cost. Thus, there is
little payback for changing a design for easier assembly; the change will require
extra design effort and may raise the cost of manufacturing, with little financial
return. : ‘

Measures for each of the 13 design-for-assembly guidelines will be discussed
in Sections 11.5.1to 11.5.4; Section 11.5.1 gives guidelines, all concerned with the
overall assembly efficiency; Se¢tions 11.5.2 to 11.5.4 give design-for-assembly
guidelines oriented toward the retrieval, handhng. and mating of the individual

components. - :

- 41.5.1 Evaluation of the Overall nssemhly

Guideline 1: Overall Component Count Should Be Minimized. The first
measure of assembly efficiency is based on the number of components or sub-
assemblies used in the product. The part count is evaluated by estimating the
minimum number of components possible and comparing the design being eval-
uated to this minimum. The measure for this guideline is estimated in this way:

a. Find the Theoretical Minimum Number of Components. Examine each

pair of adjacent components in the design to see if they really should be separate
components. Include fastening components such as bolts, nuts, and clips in this ac-
counting. Assuming no production or material limitations: (1) Components must

" be separate if the design is to operate mechanically, For example, components
*  that must slide or rotate relatively to each other mugt be separate components.
i However, if the relative motion is small, then elasticity can be built into the de-
sign to meet the need. This is readily accomplished in plastic components by
using elastic hinges, thin sections of fatigue-resistant material that act as a one
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degree-of-freedom joint. (2) Components must be separate if they must be made
of different materials, for example, when one component is an electric or thermal
insulator and another, adjacent component is a’conductor. (3) Components must
be separate if assembly or disassembly is impossible. (Note that the last word is
“impossible,” not “inconvenient.”)

Thus, each pair of adjacent components is examined to find if they absolutely

need to be separate components. If 'they do not, then theoretically they can be
combined into one component. After reviewing the entire product this way, we
develop the theoretical minimum number of components. The seat frame has a
minimum of one component. The actual number of components in the redesigned

frame (Fig. 11.12) is four.

*b. Find the Improvement Potential. To rate any product, we can calculate its
improvement potential;

| Actual number of Theoretical minimum
components number of components

Actual number of components
c. Rate the Product on the Worksheet (Fig. 11.10).

m If the improvement potential is less than 10%, the current design is
outstanding.

If the improvement potential is 11 to 20%, the current design is very good.
If the improvement potential is 20 to 40%, the current design is good.

If the imﬁmveme:nt potential is 40 to 60%, the current design is fair

If the improvement potential is greater than 60%, the current design is poor.

Improvement potential =

The improvement potential of the'seat frame in Figure 11.12is (4-1)/4 =
75%. In this case, design is poor, but the volume is too low to use a method to

further reduce the number of components.
As'a product is redesigned, keep track of the actual improvement:

Actual improvement :
'(Nunmofcompmmu)_ Num'ofmm:s)
in initial design in redesign
Number of components in initial design
Typical improvement in the number of components in the range of 30 to 60% is

& realized by redesigning the product in order to reduce the component count.
o & To put this guideline in perspective, compare it with earlier phases of the
3 |
i

esign process. In the design philosophy of this text, the functionality of the

uct is broken down as finely as possible as a basis for the development of
concepts (Chap. 7). We then used a morphology for developing ideas for each
action. This can.lead to poor designs, as can the effort to minimize the number
of components. Consi e design of the common nail clipper (Fig. 11.13). If
the assumption is made that all the functions are independent and that concepts
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b

Figure 11.14 Nail clipper with one interface
 for each function. (Source: Design developed by

Karl T, Ulrich, Sloan School of Management, - -

Massachusetts Institute of Technology.)

.

are generated for each function, then the result, as seen in Fig. 11.14, is a disaster.
Note that each function is mapped to one or more interface. At the other extreme, -
the DFA philosophy leads to the product shown in Fig. 11.15. .
 Here, in evaluating the product for assembly, this guideline encourages lump—
~ ing as many functions as possible into each component. This design philosophy,
however, also has its problems. The cost of tooling (mulds or dies) for the shapes
that résult from a minimized component count can be high—and that cost is not
taken into account here. Additionally, tolerances on complex components may be

i
? . more critical, and manufacmrmg variations might affect many functions that are
E now coupled.

Guideline 2: Mﬂke Nﬂnlmum Use ufﬂepnrﬂte Fnst&ners. One way to reduce

E the component count is to minimize the use of separate fasteners. This is advisable

Every fastener adds costs &nd reduces strength.
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Figure 11.15 A one-piece nail clipper.

for many reasons. First, each fastener used is one more component to handle, and
there may be many more than one in the case of a bolt with its accompanyng nut,
flat washer, and lock washer. Each instance of component handling takes time, typ-
ically 10 sec per fastener. Second, the total cost for fasteners is the cost of the com-
ponents themselves as well as the cost of purchasing, inventorying, accounting for,
and quality-controlling them. Third, fasteners are stress concentrators; they are
points of potential structural failure in the design. For all these reasons, it is best to
eliminate as many fasteners as possible from the design. This is more easily done
on high-volume products, for which components can be designed to snap together,
than on low-volume products or products utilizing many stock components.

An additional point that should be considered in evaluating a design is how
well the use of fasteners has been standardized. A good example of part standard-
ization is the fact that almost everything on the Volkswagen Beetle, a car popular
in the 1970s, can be fixed with a set of screwdrivers and a 13-mm wrench.

Finally, if the components fastened together must be taken apart for mainte-
nance, use captured fasteners (fasteners that remain loosely attached to a compo-
nent even when unfastened). Many varieties of captured fasteners are available,
all designed so that they will not be misplaced during assembly or maintenance.

There are no general rules for the quality of a design in terms of the number
of separate fasteners. Since the worksheet is just a relative comparison between
two designs, an absolute evaluation is not necessary. Obviously, an outstanding
design will have few separate fasteners, and those it does have will be standardized
and possibly captured. Poor designs, on the other hand, require many different
fasteners to assemble. If more than one-third of the components in a product are
fasteners, the assembly logic should be questioned. :

Figures 11.16 and 11.17 show some ideas for reducing the number of fas-
teners. In designing with injection-molded plastics, the best way-to get nd of
fasteners is through the use of snap fits. A typical cantilever snap is shown in
Fig. 11.16a. Important considerations when designing snaps are the loads during
insertion and when seated. During insertion, the snap acts like a cantilever beam
flexed by the amount of the insertion displacement. The major stress during in-
sertion is therefore bending at the root of the beam. Thus, it is important to have
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. Calﬂh
L ¥ ‘ [nsemnn
s / o7 I N—[' displacement
i Bending .
( Tensmn | Shear
J : Cantilever snap
(a)
E : Undersized snap-fit lugs: Properly sized snap-fit lugs:
Too short a bending length Longer lugs reduce stress.
can cause breakage.
(b)

Twist snap Moving parts snap

: (©
Figure 11.16 Snap-fastener design.

low stress concentrations at that point and to be sure that the snap can flex enough
without approaching the elastic limit of the material (Fig. 11.16b). When seated,
the snap’s main load is the force Fo, the force-holding the components together. It
can cause crushing on the face of the catch, shear failure of the catch, and tepsile
failure of the snap body. (Think of the force flow here,)
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Mold-in Hook
pins under
; M
(a)
2 oD
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(b)

Figure 11.17 Single fastener examples.

Additionally, design consideration must be given tg,unétwppin g. If the device

- is ever to come apart for maintenance, then consider features that allow a tool or

a finger to flex the snap while Fo = 0. Additiorial snap configurations are shown

- in Fig. 11.16¢c. Note that each has one feature that flexes during insertion and
?: o * another that takes the seated load.

| _:_ | 3-;_ ' and either pins, hooks, or other interference to help connect the components.
e ‘mmmﬁg.llﬂshﬁmeIMMSm-nmhpplmmﬁnf

the Product with a Base Component for Locating Other
.Memmw&emnfasinghbmmmmdu

o ¢ assemble bmmﬂg.ll lamm:mmfm

'mmmmmmmﬂ |
ac m‘“"mm
b g e fxuring. The use of
"% ng! ; wl

Another way to reduce the number of fasteners is to use only one fastener
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## mining an outstanding product and a poor- one. Keep in mind that the rating on
b the worksheet is relative.

11.5 DFA-—Design-For-Assembly Evaluation

Figure 11.18 Meter assembly.

As with most of these measures, there are no absolute standards for deter-

8 Guideline 4: Do Not Require the Base to Be Reimsiﬁnn&d During Assembly.
# If aummaﬁc ass::mbly aquipment EUEh as robots or speciall}' dﬁsignﬂd cﬂmpﬂnent
~ placement machines are used during EISSErhbly; it is important that the base be

¢ positioned precisely. On larger products, repositioning may be time-consuming

' and costly. An outstanding design would require no repositioning of the base. A

product requiring more than two repositionings is considered poor.

Guideline 5: Make theﬁssembi'y Sequence Efficient. If there are N compo-

% nents to be assembled, there are potentially N! (N factorial) different possible
#% sequences to assemble them. In reality, some components must be assembled
'~ prior to others: thus the number of possible assembly sequences is usually much

& less than N!. An efficient assembly sequence is one that

Affords assembly with the fewest steps.

Avoids risk of damaging components. .

Avoids awkward, unstable, or conditionally unstable positions for the product
and the assembly personnel and machmerjr during assembly.

Avoids creating many disconnected subassemblies to be joined later.

339
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Since even a minor design change can alter the available choices inassembly
sequence, it Is important to consider the efficiency of the sequence durizdesign.

~ The technique described here will be demonstrated through a simple example,

the assembly of a ballpoint pen (Fig. 11.19).

Step 1: ListAll the Components and Processes Involved in the AssemblyProcess.
Begin with a layout or assembly drawing of the product and a bill of matesials. All
components for the pen assembly are listed in Fig: 11.19. In some products, the
components to be assembled include subassemblies and processes—foresample,
the component called “ink” in the ballpoint pen includes the process ofzctually
putting the ink in the tube. Additionally, some products require testing daring the
assembly process. These tests should also be included as components. Finally,
fasteners should be lumped with the component they hold in place.

Step 2: List the Connections Between Components and Generate a Comections
Diagram. The connection diagram for the ballpoint pen is shown in Fe 11.20.

41 Button
y
% Tube rar
Cap o / ,
Head Ink '
Cap
\ Ink
R‘ |
~ -
*Em{ : 'I‘uI/:m But{nn'
Head Y -

Figure 11.19 Ballpoint pen ass:mhl;.?.

Figure 11.20 Connection diagram for a ballpoint pen.
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. In this diagram, the nodes represent the components and the links represent the

. tube and the button (shown as a dashed line in Fig. 11.20 and assumed not to exist
i throughout the remainder of this example).

connections. Connection diagrams can have loops. For example, the pen may have
the button supporting the end of the tube, creatirig interface 6, a link between the

Step 3: Select a Base Cﬁmponmt. The base component should be at one end of
the connection diagram or be a large component. It should be the component that

& requires the least subassembly and allows assembly from the fewest directions.

f For the ballpoint pen, thé options are the cap, the button, or the body. The cap
‘B requires subassembly ofithe head in the tube and is thus a poor candidate. The

* |

* body requires assembly from two directions. The button may be the best base

£ part, but it 1s hard to hold. Both the body and the button need to be further
~ investigated. |

- Step 4: Recursively Add the Next Component. Add components to the base
= using the connection diagram as a guide. It is important to be aware of prece-
- dences; for example, the tube must be on the head before the ink is installed. It is

L= useful to list all precedences before starting this step. For the ballpomt pen, the
=~ precedences are

Connection 3 must precede connection 4.
Connection 1 must precede connection 5.

= Step 5: Hdentify Subummbﬁes. Subassemblies can be made of components
& that have a secure connection with each other, can be reoriented without falling

& apart, and have a simple connection with the other assembled components. Sub-

& assemblies should only be used if they simplify the process. For the pen, the head,
* tube, and ink form a subassembly that simplifies assembly. -

g LT T .I' '..

There are many potential assembly sequences for the ballpoint pen. One that
is developed using the described procedure is

[2,(3,4], 1,5]

. Or

[button, bady.[head. tube, ink], cap]

The first sequence lists the connections, and the second the components, in the
order of assembly. The brackets denote subassemblies.

The process given here is very useful in evaluating the assembly sequence
and determining the effects of design changes on the sequence. It also measures

. the efficiency of the assembly sequence. If all connections, are made in a logical
- order, no subassemblies are generated, and no awkward connections made, then

. the efficiency is rated high; if the connection sequence cannot be accomplished, -
- subassemblies are made, or awkward connections are neednd, then the efficiency -
.u.lmt .

]
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11.5.2 Evaluation of Component Retrieval

The measures associated with each guideline for retrieving components range °
from “all components” to “no components.” If all components achieve the guide-
line, the quality of the design is high as far as component retrieval is concerned.
Those components that do not.achieve the guidelines should be reconsidered.

Guideline 6: Avoid Component Characteristics That Complicate Retrieval.
Three component characteristics make retrieval difficult: tangling, nesting, and
flexibility. If components of the type shown in Fig. 11.21 column a are stored
in a box or tray, they will be nearly impossible to pick up individually because
they will become tangled. If the components are designed as shown in Fig. 11.21
column b, then they cannot tangle.

A second common problem that complicates retrieval is nesting, in which
components jam inside each other (Fig. 11.22). There are two simple solutions
for this problem: Either change the angle of the interlocking surfaces or add
features that prevent jamming.

Finally, flexible components such as gaskets, tubing, and wiring hamesses
are exceptionally hard components to retrieve and handle. When possible, make
components as few, as short, and as stiff as possible.

Open Closed Closed
end end

No gap
(b)

Figure 11.21 Design modifications to avoid
component tangling. i
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Cnmr;orhmli jammed:
locking angle

Increase angle. Decrease angle.

Circular ring
on bottom

/ separates
Add ribs. / the piece.

Figure 11.22 Design modifications to avoid jamming.

A - Guideline 7: Design Components for a Specific Type of Retrieval, Handling,

. and Mating. Consider the assembly method of each component during design.

B There are three types of assembly systems: manual assembly, robot assembly,
* and special-purpose transfer machine assembly. In general, if the volume of the

= product is less than 250,000 annually, the most economic method of assembly is

. manual. For products that have a volume of up to 2 million annually, robots are

generally best. Special-purpose machines are warranted only if the volume ex-

& ceeds 2 million. Each of these systems has requirements for component retrieval,
‘M handling, and mating. For example, components for manual assembly can be
' bulk-fed and must have features that make them easy to grasp. Robot grippers, on

the other hand, may be fed automatically and can grasp a component externally,
like a human; internally, with a suction cup on a flat surface; or with many other
end eff : .

11.5.3 Evaluation of Component I-Ilndllng'- |
The next three design-for-assembly guidelines are all oriented toward the handling
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Guideline 8: Design All Components for End-to-End Symmefry. If acom-
ponent can be installed in the assembly only in one way, then it must be oriented
and inserted in just that way. The act of orienting and inserting the component
lakes time and either worker dexterity or assembly machine complexity. If as-
sembly is to be done by a robot, for example, then having only one orientation for -
insertion may require the robot to be multiaxial. Conversely, if the component is
spherical, then its orientation is of no consequence and handling is much easier.
Most components in an assembly fall between these two extremes. '

There are two measures of symmetry: end-to-end symmetry (symmetry about
an axis perpendicular to the axis of insertion) and axis-of-insertion Ssymmetry.
(The latter is the focus of guideline 9 and is not discussed here.) End-to-end
Symmetry means that a component can be inserted in the assembly either end
frst. Axisymmetric components that are intended to be inserted along their axes
are shown in Fig. 11.23. Those in the left-hand column are designed to work in
the design only if installed in one way. These same components are shown in the
right-hand column modified so that they can be inserted either end first. In each
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Figure 11.23 Modification of axisymmetric parts for end-to-end
symmetry.
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Figure 11.24 Modification of features for symmetry about the
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case, the asymmetrical feature has been replicated to make the component end
to-end symmetrical for ease of assembly.

Before modifying a component to meet this or similar guidelines, it 1s impor-
tant to check the value of the modification. The cost of adding a feature may not im-

prove its functionality for the assembler sufficiently to warrant the modification.

Guideline 9: Design All Cnmpunent& for Symmetry About Their Axes of

1 4 Whereas the previous guideline,called for end-to-end symmetry, a

8% designer should also strive for rotational symmetry. The components in Fig. 11.23

¢ are all axisymmetric if inserted in the direction of their centerline. In Fig. 11.24
88 the components in column a have only one orientation if they are inserted in the
- plane of the diagram. However, by adding a functionally useless notch (on the top
. component) or adding 2 hole and rounding an end (on the bottom component), we
" can give the components two orientations for insertion—a decided improvement.

In Fig. 11.25a, the original design for the component fits only one way into

* the assembly. The addition of an opposing finger (Fig. 11.25b), which is use-
" less functionally, gives the component two possible insertion orientations. Fi-
% nally, modifying the component functions (Fig. 11.25¢) can make the component
* axisymmetric. It is important to ask if the change in functionality is worth the
*  gained ease of assembly. If not, then the asymmetry should be tolerated,

& Guideline 10: Design Components That Are Not Symmetric About Their
. Axes of Insertion to Be Clearly Asymmetric. The component in Fig. 11.25a
. is clearly asymmetric. If it were not asymmetric, the component could be inserted

with the finger pointing the wrong way and, as a resuit, would not function as it

~ was designed to. In Fig. 11.26 the four component designs of the left-hand column
B have been modified in the right-hand column to afford easy orientation. The goal of
& this guideline is to make components that can be inserted only in the way intended.
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