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DESIGN FOR ASSEMBLY:

SELECTING THE

RIGHT METHOD

Surprisingly, the least costly assembly method can be
identified early in the design stage. If the productis then
designed for that process, manufacturing cost can drop 20
to 40% and assembly productivity rise 100 to 200%.
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Professar

PETER DEWHURST
Professor

University of Massachusetts
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DESIGN is the first stage of manu-
facturing. It is here that manu-
facturing costs are largely deter-
mined. In addition, the assembly
process is usually the single most
important process contributing
to both manufacturing costs and
labor requirements.

When productivity im-
provements are sought, design
for eage of assembly must be
given the highest priority. In-
deed, even when automated ass-
embly is considered, one must
determine whether the design of
the product lends itself to such
automation. This is particularly
true in such high-technology
batch-production industries as
computer hardware.

Recent studies of computer-
related products have shown that
reductions of 20 to 40% in manu-
facturing cost and increases of
100 to 200% in assembly produc-
tivity are readily obtainable
through proper consideration of
assembly at the design stage. For
example use of design-for-
assembly techniques could save
Xerox Corp. an estimated $150
million per year.

Savings like these can be real-
ized with simple techniques for
analyzing even rough designs and
predicting assembly costs. The

first step in these techniques is to
identify the assembly process
that is most likely to be economic
for a particular product. Then
the product itself can be de-
signed for that particular pro-
CESS.

The reason that early process
selection is important is that
manual assembly differs widely
from automatic assembly in the
requirements it imposes on prod-
uct design. An operation that is
easy for a person may be impos-
sible for a robot or special-
purpose workhead, and oper-
ations that are easy for machines
may be difficult for people.

Surprisingly, detailed knowl-
edge of product design is not re-

quired to make a good estimate of
the most economical assembly
process. Essentially, what must
be known is projected market
life, number of parts, projected
production volume, and com-
pany investment policy.

Process characteristics

The cost of assembling a prod-
uctis related both to the design of
the product and to the assembly
process used for its production.
Assembly cost is lowest when the
product is designed so that it can
be economically assembled by
the most appropriate process.
The three basic processes are
manual assembly, special-

Cutting parts and cost

The twin objectives of design-for-
assambly studies are to reduce the
number of parts in a product and to
increasa the ease of assembling the
remaining parts. In the example shown

here, a reciprocating mechanism from a
hand power saw, the number of parts
was reduced from 41 to 28 and
assembly time from 40910 215
seconds. The time savings cut
assembly cost by $0.95, but what




purpose machine assembly, and
programmahle-machine ass-
embly,

In manual assembly (MA on Bearing
ihe accompanying chart), !:he Seating - Sonl ) !
tools required are generally sim- Connacting rod
pler and less costly ‘Lhan those Piston — Needle bearing
employed on automatic assembly Serew A y. — Foll pin (2)
machines, and the downtime Blade clamp _,.[15*___% / P T Pin
caused by delective parts is usu- Seraw ) /g ' Gounterweight !
ally negligible. Cost of manual oear '
¥ neglig Aivet S Bearing

assemhbly is relalively constant
and independent of production
volume. Manual processes also
have considerable flexibility and
adaptability. In some instances it
is economical Lo provide the ass-
embler with mechanical assist-
ance (MM) in order to reduce
assembly time.

Special-purpose assembly ma-
chines are those that have heen
built to assemble a specific prod-
uct. They consist of transfer de-
vices with single-purpose work-
heads and parts feeders at the
various workstations. The trans-
fer devices can operate on an in-
dexing (synchronous) principle -
(AI) or on a free-transfer (non- Sorew (2) =Ty
synchronous) principle (AF). *

These special-purpose ma- I — Fin
chines are costly and require con-

siderable engineering devel- % 5= Connecting rod

opment before they can be put Piston
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surprisas most enginsers is that parts
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this instance. Equal or graater savings
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relatively =igh guality. Alse,
special-parpose machines wor
on a tixed exele time, with a fixed
riteof produetion. “f they areun-
dervtilized they cannot he uased
for any ather purposs, resulling
in a marked increase in assembly
st

Prograrmmmable asssrhbly ma-
chinea a-¢ sunilat to the nor-
gynchenaous epecial-purpose
rruchines except that the work-
heads are general-purpose and
programmable. This arrange-
mect (AP} allows more than one
assemiply operalicn to he per-
formed at each workstatior. It
alsn provides [or considerable
flexibility in production volume
and greates adaptability to de-
gign changes and different prod-
ucl siyles.

For Lower production volumes,
rnbntic assembly with a sirgle ro-
bot warkstatisn may be prelera-
He. Herz, two -obot arms nor-
mally work iateractlively at the
game work Fixture AR,

For the lalter lwo systems,
parks are normally made availa-
kle at worksintiong m manually
loaded magazines. Parks leeders
like those empleyed for machine
assembly are usually Lo costly.

Selecting a process

The meihcd for azsessing the
available processes is sum-
marized in the cccompanving
charl, The chart ia based on an
snalyAis of mathematical tnodels
of thz waripus assembly pro-
cessce. Using the ¢harl requires
that six baric farts be known:

# Produclion volima per shift

& Number of parls inan ass-
cernll>

& Single produet vs variety of
products

® Number of parts regnirad
for different styles of the prodiet

# Nuamber of major design
changes expacted during prad-
vt life

® Company policy on m-

Thivarlicle it Jary ely baoe ] uaeihe Desgen o Aaranly
Handie k, whiea Dy Tmar Jeodoped be Aeachronnd
and D Mwunnal the ' onisecasy i dMaazacauss. The
Wahc boein mmd abils frian Aolematic AEamny e
grar., Degaciome il a2 Mectsicd Fo gossecnie g, T8 of
Bdaza. . & wheest, $TAIINCSE, 1k (47550 545 TR,

vestment in labor-saving ma-
Chirlﬂr:..'

Toe predustion volume per
ahift and number ol parta in as
assembly determine -he rrect
rowv in the charl. I'he other fac-
turs determine the coreect col-
T,

The box gl th2 intersection of
row and column describes the
most ecencrineal sssembly pro-
cess. I’rocesses in parenthescs
A= no more than 105 lecs aco-
nomical than Lhe primary pro-
egs in the box.

White bexes indieste low-coat
azsembly, light-culared boxes
medivm- cost assembly, ond dark
haxas 2xpensive assembly.

By varying the basic infenmna-
tior. abioul. ihe product and ob-
serving how cach variation af-
furts the hox selected, one can see
which factors have the greatest
influence on the assembly pro-
coas.

Severz] cauticns showld be ob-
served i1 using this chart. The
rumbered comerents that follew
cursgspand to the “notes” called
cutin the chart.

1. Delfective parts can coudo
sevate preblems in aatomatic
assembly machines by jamming
leeding devices, prevenling work-
head operation, ar spoiling an
atherwise acreplallz assembly.
Thagse defeetive parts could be
screws wilhool threzda, chipped
ar discolored parts, parts out of
Loleranoe, pieces of swarf, o any
foreign items in the feeding de-
wices of the assembly machine.
Aukomalicn ig unlikely to be suc-
eessful f <he proportion of de-
fective parts is grealer Lhan
about 2%.

2 Avtomalic assemhbly ma-
chines produce a steady oulput
of assemblies. Theretore, signifi-
cant fluetuations in detnand,
such as may ocour with sports
equipmznz, musl b2 accomrmoe-
daed by stockpiling. The cost of
ste-ckpiling may rule gut automa-
Lic assembly for seme prod icts.

#. On aulomatic assembly ma-
chones, different peochict styles
can be aceommodated oy arsang-
ing alte-native parts at the work-
station. Instructions are then

iven o the machine as Lo which
part skould be inserted. For ex-
ample, in a three-part assembly
with two alternatives for each
part, eicht product styles could

be produced.

4, Fur the purposes of this ana-
lyais, cne design change mzans a
change that will reguire a aew
freding device and workheac on
an autoratic assembly machine.

5. An importanl facter In con-
sidering ipvestment in auloma-
tion equipmeni is the company
investment factor, §;. The larger
the numler of shifzs worked and
the higher the fizure for cco-
nomicul inveatmeni lo peplace
each operator, the greater the op-
porluniiy for automation.

Using the chart

To see how this chart works in
practice, consider a product as-
s=1rblad from 36 parts. Lt is to b
manulagiured in ten diflerent
styles, obtained by haviagone ul-
ternative for cach of tzn of the
parta in the assembly.

Ten major design changes will
probably lake place during the
first. three years of product life.
Each desipn change will require a
new feecine anc. vrienting device
end anew workhead il cutomatic
csacmbly s used. Exp=cled an-
nual procuciizn iz 1,000,000
units, HCO,N00 per shedl,

As o maite: of company policy,
1he amount thal cn be spent on
an item of automation eguip-
ment that wil c.o the work of one
operatos on one shift iz 40,000,
This figure allows for the pur-
chasze of tne equipment and all
engineering and debugging nec-
essary beiore it is fully oper-
aliznal in the plant. The annual
cost of one assemblv operalor ia
estimated to he 520,000, includ-
inp nverhend.

[n this exaraple, the annual
wolurme per shift, V,, is 300,004
and the number of parls in the
assembly, NV, is 35, 90 How 3 is
selected.

Beoause Lhisis a single produact
with a market life #reater than
bhree vears, the choice of columas
iz resirizied to Columne C



CHOICE OF ASSEMBLY METHOD

N.=1

Eingle product has o markel, bife of three yvears or more witheut significant variations in demand: manusl
Mtting of any of the parts is not necessary and the prapection of defective parts is less than 2% See notes 1

and 2

N 1O N
Number of paris nesded to build different product
st¥les loss than LG times the number of parts in the
agzambly 171,

AL
FLUMEA R
Fewer than hall of the parts will be subjected to
major redesign during Lhe produet marker Life 45

Moz 1B N,
More: than 0% extra parts are needed to build the
range ol dillerent product atyles 133

R
Ny=05N,
More thanr half ol the parts are likely to be affected
bv dezign changes during the product life o1,

A variety of dillerent bul similar products,

no manual fitting reguired and less than

2% defoctive parts,

rmand pe lnw investment potential.

Variely of products, manual fitting ol
e parts necessary, Nuellations in de-

Company investment & = SJ40W, 5}
7= A Bef =2 2=R=1| R =1 R:.=5 | 5= =2 |2=p =1 K1
9
MN,o= 16 .
1H ar mnre L .
purts in the 0 |
L X azzemhbly.
Annuul pr- 152N =7 e
duction Betweon 7
volume per and 15 AR
shift greater parra in the 1
than (LG5 aszembly,
million M, = R
assermnhblies, & or fower Oy
purts in the g
agzembly.
N, = 16 T
16 or more o
DENz= ¥V, = 0.4 parl= in the 4
Annual wssermbly. |
production 15> N, = 7
vilurme per i Betwoen 7 o5 B
zhift | and 15
betweaan pares in Lhe 4
oA azzembly,
ard U6 S LAY
million {‘? nm" ffwi.-r :
agseinblies, parts in the 1
azaemmbly,
Ne= 16
A =V, = 0.2 L& or more :
Annual parts in the I
production azsernbly.
valume per 1= N, =7
=hilt Between 7
hetween and 15 -
0.2 and 0.4 parts in the ]
millien azzembly, i
assemhblips. No= i
G or fewer 4
paree in Le
asgeimbly,
Vo= 04 o
Annual prodoction volume per ;
shilt less Lhan or equal to (.2 ]
milliom azsemblics.,
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How assembly processes differ

Early in the design of any product itis important to decide which
lype of assembly process is likely to yield the lowest ¢ost. This
decision has a major bearing on the design because manual
assembly differs widely from automatic assembly. Each type of
process has its own advantages and limitations. For analytical
purposes, the six basic assembly processas ara;

Al: Automatic assembly Using special-purpose indexing
machinas, workheads, and automatic leeders, One supervisor
for the machine when N, < 6 {rotary indexing machine) and ana
supervisor together with one assembly operator when N, == 6
{inine indexing machina).

AF: Automatic assembly using special-purposa free-transfer
rachines, workheads, and automatic feeders. One suparvisor
and one assembly operator for the maching.

AP: Autematic assembly using manually loaded part
magazines and a frea-transfer machine with program mable
workheads capable of performing several assembly tasks. Ona
supervisor and one assembly operator for the machine.

AR: Automatic assembly using manually loaded part
magazings and a sophisticated two-arm robot with a
special-purpose gripper that can handle all the parts for one
assembly. One supervisor needed for the robot.

MA: Manual assembly on a multistation assembly line. The
transfer device is a frea-transfar machine with one buffer space
betwesn each operatar.

MM: Manual assembly with mechanical assistance, This
system is the same as MA, but feeders or ather devices are
provided and the assembly tima per part thereby reduced.

. Transfer
davice

= Work
Carriers

Single-
pUrpose
O O’/parts
@- ; feedear

0 Q

MM§;‘ ~!

hAAMAL
ASSEMBLY

through 7. A shorter market life,
parts of poor gquality, or manual
fitting would have suggested Col-
umns 3 or 4,

The total number of parts re-
guired to build the different
styles is 45, which is less than 1.5
times the number of paris in one
assembly. Also, fewer than half of
the parts will be subject to major
redesivn during the life of the
product, because only ten rede-
signs are expected. These factors
restrict the choice to Columns 0
through 3.

To select among these col-
umns, calculate the investment
factor K;:

88,
W,
24 410, Wb
20,000
-4

Therefore Column 1 is se-
lected. The box at the inter-
section of Column 1 and Row 3 is
labeled AP, for automatic ass-

I, —

- ‘E’g}) ———Dperators

@"‘ — — ——Single-
T purpose

— ——Indexing
transfar
device

Free-
—&, transfer
=y dovice

SPECIAL-FURFOSE
ASSEMBLY MACHINES

embly with programmable work-
heads.

If the production volume were
higher, moving the selected box
to ‘Row 0 Column 1, special-
purpose automatic assembly ma-
chines could be used. Such ma-
chines could also be used if the
product could be broken down
inie smaller assemblies, shifting
the selected box to Row 4 Column
1.

If the company’s investment
palicy were nol 4o generous, mov-
ing the selected box to Row 3 Cal-
umn 2, then manual assembly
wilh mechanical assislance
would be the most appropriate
method.

For the conditions specified,
Row 3 Column 1 indicates that
relatively low assembly cost can
he achieved with automation,
and that design for ease of auto-
mation should be pursued.

Suecceeding articles will cover
design for manual assembly, de-

workheads AP

— —PFrogrammable

. .y

“Part
4 magazines

El"' _—————Work fixture

PROGRAMMABLE
MACHINES

sign for automalic assem bly, and
curreni developments in software
that aids these design procedures
in much the same way that *Work
Factor” and “MTM" programs
now assist production engineers.

Nomenclature

N, — Number of parts in the completed
assembly

Ny — Mumber of design changes during
the first three wears that would
necessitate a new feeder or work-
head on an antomatic assembly
machine

N, — MNumber of different products to
be assernbled using the same basic
assembly system during the [irst
three vears

N, — Total number of parta required for
Luilding different product styles

i, Capital expenditure allowance to
replace one operalor on one shift

i, = Inwestment factor

8. = Mumber of shifts

¥V, — Aumnual production volume per
shill

W, — Anmual costof one assembly opee-
alor




DESIGN

FOR

ASSEMBLY:
MANUAL
ASSEMBLY

A a technigue that quantifies the difficulties of manual
assembly can cut production cost dramatically. The
analysis spotlights not anly parts that require excessive
time for assembly, but also those that can be eliminated or

INDUSTRIAL productivity de-
pends in large part on ease of as-
sembly. In fact, the way a product
is assembled is usually the single
most important control over
both manufacturing cost and la-
bor requirements, Minimum
production cost for a product is
achieved when the most eco-
nomical assembly process is
selected early in the design stage,
and the product is then designed
for that proceas.

Contrary to the conventional
wisdom, final product designs
are nol needed to make a reason-
able selection of the most eco-

combined with other parts. .
nomical assembly process.
GEOFFREY BOOTHROYD PETER DEWHURST Selection is based on projected
A Professor market life, number of paris,
University of Massachusetts projected production volume,
Amherst, MA and company investment policy.
F
Products with
half the parts

Manual assembly requires workers to
selact parts, arient them, ingart tham,
and often to fastan thém with other
parts that'miist also be salectad;
oriented, and insarted, Many of these
time-consuming steps can be
~eliminated it preliminary designs are

- examined with an eye both to the
assembly requirements they Impose
and alseo 16 the patantial for combining
parts with gach other and with integral
fasteners. ' _

Substantial reductions in parts count
and assembly time are possible, sven
when the original design has already
been subjectad o value analysis.
Traditional value analysis tends to
owvarlook small parts such a8 fastenars:
Eachfastenar has a relativaly small
initial price, yat the assembly of such
seemingly insigrificant parts often adds
substantially to the total cost of the
prodoct.

One example is tha nibbon base plate
from a Diakblo pricter. The "OId Design’”

- shown here had already undergone
value analysis. yet when the assambly
was redesigrned for sase of manual
assambly the number of parts was cut
from 77 1o 36 and thecost was reduced
by54.90:

Old design — 77 parts




A detailed procedure for se-
lecting the least costly assembly
process was presented in “Design
for Azsemhbly: Selecting the
Right Method,” MD, Nov. 10,
1983, p. 94. The present article
assumes that manual assembly
has been selected and shows how
io analyze designs for ease of
manual assembly, Succeeding
articles will deal with automatic
assembly and software systems
that assist in analysis and rede-
sigm.

Once it has been decided that a
product is to be assembled
manually, features of the design
are examined systematically,
and a “design efficiency” iz caleu-
lated. This efficiency allows dif-
ferent designs to be compared [or
ease of assembly.

Fxamination of the pre-
liminary design answers two im-
portant questions for each part
in the assembly: Can this part be
eliminated or combined with
other parts in the assembly? And
how long will it take a worker to
grasp, manipulate, and insert
this part?

With this information it is pos-
sible to eslimate the tulal assem-
bly time, compare it to the as-
sembly time for an ideal design,
and identify design features that
resull in high assembly cost.

Design analysis

The first step in the analysis is
to obtain the best information
available on the product. Useful
items are enginecring drawings,

_T

Mew design — 36 parts

exploded three-dimensional
views, an existing version, or a
prototype.

The second step is to take the
assernbly apart, or imagine how
it might be done. The complete
assembly is assigned
identification number 1. As each
part is removed from the assem-
bly, it is assigned an identi-
fication number in sequence. If
ithe assembly contains
subassemblies, they should be
treated as “parts” at first, then
analyzed separately later.

T'he third step is to reassemble
the product. First assemble the
part with the highest identi-
fication number to the work fix-
ture, then add the remaining
parts one by one. As the product
iz reassembled, data on handling,
assembly, and operation cost are
entered on a worksheet. Also en-
tered is an estimate of the pulen-
tial for eliminating the part or
combining it with another part.

When reassembly is complete,
data from the work sheet are
symmed to give the total esti-
mated manual-assembly time
and cost, as well as the the-
oretical minimum number of
parts in the product.

Finally, the manual-assembly
design efficiency is obtained
from

E., = 3N,/ Tn

where E, = design efficiency;
N, = minimum number of parts,
and T, = total assembly time.

This equation compares the
estimated assembly time for an
assemhbly containing the
theoretical minimum number of
parts, each of which can be as-
sembled in the “ideal” time of 3 &.
This ideal time is based on the
assumption that each part is easy
tn handle and insert, and that
about one third of the parts are
secured immediately on in-
sertion with well-designed snap-
fit fusteners.

Unfortunately, there is no
broadly applicable guideline for
a satisfactory design efficiency.



The assumption that all parls in
the assembly are easy to handle
and insert is impossible to meet
in many products.

At one extreme, complex elec-
tromechanical products that re-
quire extensive wiring and gas-
keting tend to have low design
efficiencies, even when well de-
signed. Many companies making
such produets have decided that
design efficiencies around 20 to
305 are quite acceptahle.

At the other extreme, simple
products such as pneumatic pis-
ton assemblies with few parts can
have design efficiencies as high as
80%. Ultimately, experience with
a range of similar products is the
only way to decide on an accept-
able efficiency.

Generating data

The maost critical step in the
design analysis is the reassembly,
where data are generated for pos-
sible redesign. The easlest way Lo
understand this process is Lo
consider the example of a riser-
panel assembly.

For purposes of reassembly
and data generation, never as-
sume that one part is grasped in

2 Soraw ——— ] =

7. Sorew

3. Plashc shigld —

8. Plastic clamp

4. Upper contacts

9. Hax scraws

5. Shields

10, Terminal
rack

6. l_ower contacts — -
e

e
12 Upper insulator — i A= 11, Guard

13, Lower insulator

14 Basg ———— =

Manual Parts are easy to grasp and manipulate Tarts present handling dilliculties
: X I .
handling times Thickness = 2 mm Thickness = & mun Thickness = 2 mm Thickness ~ Zmm
B mm = f min =
Bire Biew Sice Size Bize Bize Size Bize Sige Size
Flimm| = 1dmm| < 6mm| *fmm| =dmm| > 16mm| = 15mm|=<8&mm| =& mm| = 6 mm
[1] 2 7 3]
& el B €L 5 e e B o

== = Tee + 31 607 o
c ﬁ =8
a2 d g
=L 5 SO0 == i - )

[:E = k
23 = e B B D L B o it e ES A e ARk h Ay M oL S Eh et D
& o
Erag=
¥ 5 BAF = (o + )
g ,Ef = T2 ONE HAND ASSEMBLY

& =
B2 2 | e - @ = 7o
qzHZ
~EES Charts i the Design far Assembly Handbook give siandard handiing

codos and Nmeas. o and 3 are the required rotations for end-to-end
and side-to-side symmelry. "Siza" is the largest arthogonal
dimension of the part.
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Design for manual assembly worksheet

1 2 3 4 3 A 7 8 0 Munue of assembly

3 2 o : g
PN - R - e = i EIS-
g | gL E| =% = 25| = g © 5 E8a _
= E &g = i £ 2 2 R E = 5 = Hiser panel
= E w2l Bom T @ E = w o b= = ¥ £ g told design!
o |l=Ti| ss | EC| mE| 22| g7 | Ex |pii :

EL| =S =25 TR E = 2= g - = B

<32 33 = -N 5 3 ZEE

Eixs| < g ER 2 2% = =

=4 4o o = = = ) — R

= = = F=-
14 1 il 1.945 () 1.5 A 1.4 Haze
13 L ] B51 00 1.5 4.01 1.60 1 Luwuer insulator {0 2 mrm)
12 1 Hu| @5l s a.h B0 320 f Upper insulator (=0 2 mm)
11 L il 1,54 05 6.0k .15 FaR i} Guord
L L a0 1.83 (b5 (.3 5,43 .58 1 Terminal rack
i 2 11 1.50) 46 105 24.00 & G I Hes, serews 15 x 16 mon)
b L i 1.94 [H) 1.3 .45 1.58 ] Plaztiv clamp
T P 11 1.80 48 10.5 24 B0 ERSE! ] Herow 19« 14 mrmo
é 1 30 1.95 03 fi.0 545 53R 1 Lorwer contocts B
a 3 20 140 00 1.4 9,50 a.600 i Shiclds
4 | 30 .00 (1) L 1.45 175 1 Upper conlacls )
3 1 30 1.53 e 2.5 4,45 1.98 1 Flaztic hield
2 2 Ll [R=I1} 48 10.5 2 Bl EE:D! {1 Sprew 18 x 14 mmi

136,3 3.5 5 3 N
T C. N Design eMeieney '?:',,.“ .13

The old design of the riser panel required 18 parts and 136.3 5 for assembly. Analysis
shaws that the number of parls can theoretically be reduced lo six (Column 9 on the
worksheet). High assembly times in Column 7 indicate opportunities for improved design.

Manual
insertion times

After assemnbly no holding down regquired

Lo maintain orientation and
lowation,

Halding down required during anhssiuent
processes to maintain arientalion

ur location.

Easy to align and Wl eazy tnalipn or Fasy Lo alion and Mot easy o aligh or
position during pagitinn during psition during pozilion during
el assemhbly, asmeinhbly. asaembly,
Mo o Mix MNu
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L to L Loy to 1ir Lix ]
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1] 1 [ 9
PR e IO, & N T
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2 Screws —

3. Plastic shield — =

6. Terminal rack

and shield -

7. Lenwer contacts -

each hand and joined, and then
placed in the assembly. One row
on the worksheet must be com-
pleted for cach part as it is added
in turn to the assembly.

Reassembly is started with the
pari having the highest identi-
fication number, 14 for the old
design of the riser panel. The
base is inserted in the fixture,
and the identification number
entered in Column 1 of the work-
sheet. The operation is carried
out once, 50 “17 is entered in Col-
umn 2,

A two-digit handling process
code is found on a chart, which
also shows an estimaled time for
manual handling. The process
codeis entered in Column 3 of the
worksheet and the correspond-
ing handling time in Column 4.

The assembly code and
insertion time are found from a
second chart. The assembly code
is entered in Column 5 and in-
gertion time in Column 6. The

a. Insulator
tolal operation time in secoonds
is calculated by adding the times
in Columns 4 and 6 and multi-
The naw design of the riser panel has
9.Bage —  —= only 10 parts compared to 18 in the
ofd dasign, reducing assembly time
by 4.6 5. Further reductions would
Riser panel — new design be possible if the screws [Parts 5 and
2l could be replaced with infegral
tastensrs
Design for manual assembly worksheet
1 2 3 4 5 G in & ] Murme of assombily
*? 2z T, _E E g 3 - : .
= = g % - i E é g . m"-; | E _,j E Hiser pare]
= I g E Er EE' g E g £ E; =T g = 2 £ = inew alesign
clsBE 35| By | Ef | fg| zF | Er|zEs
|22 TE | 2| TR | 2A| 5 g | wEE
T 5iEf EC | 2 25| 2 s | & [ 2%F
5 = z = = =) - 2
= = - =
] 1 BN |85 [} 1.5 A5 1.48 1 Baze
& I 30 1.85 1 L& 3.45 1.8 1 Isulealise (3 2 mm
i 1 a0 .95 [ L5 3.45 1.5 1 Lower vontacts
B L i 1094 i) |.5 4.45 1,38 I Terminal rack and shicld
5 2 11 1.5 34 .0 1500 G0 [} Surew (W g U0 mim)
4 1 i1l |55 02 4.5 445 1.7k 1 TIpprer eninbants
b3 1 A0 1.5 Ui 1.5% G40 1.3 { Plastie shicld
2 4 1 | 14 A £i.1 13,00 G, 0K ] Serew 19 3 20 min) .
T 2054 h Design efficicncy = 3N 0.5
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plying by the mamber of repeat
operaticns in Column 2. This re-
sull is entered in Column Y,

Total pperation cosl .o cents 18
obtained by mulliplying the
operation time in Column T oy
(.4 and enter_ng the result in Col-
umn & The value of 0.2 ¢fs is
recsonably repreacntative kor
many companies, and if designs
from <lifferent companies are to
be comparea it 13 vseful Lo use
such a standard value, However,
a more accurate value for a given
company can be used in place of
4.

Zrobably the most critical en-
try on the worksheet is the the-
prelical minimum number of
patts, entered in Column 9.
Three criteria c¢etermine this
number:

1. Must thiz part ba separate
heranse it moves wilh reapect to
all othar parts already assem.
hled”® (Sometimes na-ts can be
commbined by manufacturing
them f=om Mexible material, sa
that limitec nelative motion is
peasible.}

2. Must this part be made ol a
differeni material than or be iso-
lated. from ail other parta already
assembled? {Only lundamertal
ressons concerned wilh material
piopeTties may be considered
here.)

3, Musk this par: be separate
frore all ciher parts already as-
sernbled hecause necessary as-
sembly or dizassembly would
otherwisze he impoessible? (Fas-
teners are rarely counted as
esseniially separate paris be-
cauge inlegral fasteners can be
emploved, at lzast in theory.)

Ir the amswer lo any of ihese
questions iz yes,a “17 is olaced in
Column 9 unless multiple identi-
cal operations are indicated m
Colurrn 2. In “hat case, “he num-
ber of parts that must be separate
ie. placed in Column 9.

In the tzer panel, the base
(Part 14) must be szparate be-
cause it iz the first part in ihe
aswembly. The lower .nsulator
(Part 13) must be separate be-
eause it insulates the metsal base
from the metal conzacls. satis-

R

fring the second criterion.

The upp=r insulatar (Part 12),
guard {Part 11), plastic feek on
the tertinal rack (Part 101, three
shields (Part 5), and the plastic
clamg- {Part 8) da not meve and
need aot ke made of a different
material thar the lower insulator
{Part 13). Hence a “07 has been
placed in Column % of the work-
gheat for all thesze parta.

The lower contacts (Parl 6)
and the upper conlacts {Part 4]
must be =eparate for isclation
purposes, and the plastic shield
{T*art 3) must be separate for rea-
gons of assembly. Finally, the
acrews need not be separate; inte-
gral fasteners could be employed.

Redesion

The design analysis znd the
data it generates provide useful
design informaticn on Lwa creas.
First, the critaria for separate
parts point out where the oum-
ber of parts can be reduced. In
many instances parts cannut be
eliminated hecause of nther con-
straints, sach as theeconorr ics of
manmifactare or unavailabilily of
specialized squipment needed to
manufacture the comhined
parts. However, the areas for pos-
gible improvement are clearly
spelled out in Column 9 ef ihe
warkshear.

Secend, Lhe areas [or im-
provament of handling and as-
sembly cen be secn by reviewing
the figures in Crlumns 4 and 6.
Any operations resulzing in ex-
cemsive times should be examined
critically.

In Lthe riser panel, the the-
gretical minimuam number of
paris is six and the actoal num-
ber in thz old design is 18, Col-
amr. 9 of the worksheel, indicsted
thal all the plastic parts except
{be plastic sh'eld (Part 3) could
theoredically he mamirfactured 25
oneconponent, integeal with the
plastic feet on the terminal ruck.
Hiwrever, LE e lwer conlacts muost
ke sandwiched hetween the insu-
lator and the three shields, so ike
insulator that results Mwm com-
Yining Parts 12 ard 13 musk be

separate for reasons of assembly.
The three shiclds, The plastic feet
cn the termingl rack, ine guard,
and the plastic clamp can be
combined. This ¢combination
also eliminatas the need For the
twi hex screws | Part ). Becauze
integral Fasteners are not teasible
ior this assemhly, thz number of
parts can be redueed from Lhe
original 1810 10,

The completed worksheet tor
the new design shows that toe
estimaird manual assembly time
is 51.7 8, less than half the orngl-
nal lime of 156.4 5. The the-
oretical minimum number of
parts is & in both old aad new
dezigns, su design efficiency ia n-
creaszad from 12 to 35% and esti-
meted assembly cost i reduced
fram 54.5 Lo 2007,

Because the analvais pro-
cedure must use slandard times
an:] costs to produce comparable
dala for differert designs, the
Figurcs it preduces do not neces-
surily reflect actual industrial ex-
nericnce. lor examgple . the anal-
veig assumes thab parla are
added Lo the sssembly one al 3
tirae, Tois assumptionis valid For
assemkbly lines where workers
add enly sne part at each station.
bul Lor boneh assembly and on
mosl. sesembly lines, worksta
ofter. handle two parts simulta-
neously. This practice reduces
overall assembly time by about
one-lhird. Thus, a more accurate
hench agsembly tirce is obtained
if the thesretical time is divided
by 1.5. Thiz procecure does not
alfect, desipn elficiency becange
*ideal” aszemkly time is reduced
in the same proporton.

The analyais also assumes Lhal
paris zre presented in bulk and
rendomly or.ented. However,
some puars are available inmaga-
zines or special eontainers, If ac-
curate cstimales of assembly
time are needed and appropriate
data are availakle, they can be
ir.clided in the analysis. A
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DESIGN FOR
ASSEMBLY:

AUTOMATIC
ASSEMBLY

Assarmb y costdepends crucially on product design,
especial y when a high-speed cedicated assaembly system
i5 10 be used. The suitability of a product for eutormatic
assembly and the cost of assemkly can scth be essessed
by systematica ly Classifyirg design features — evenwhen
details of the assembly crocess are not known.

PETER DEWHURST
Pralezgar

GEOFFREY BOUTHROYD
FProfessoer

University of Wassachusetis
Amherst, A,

D=siGl of assemblies and the
processes that assemble them
prezents a chicken-and-egpg
problem. The production pro-
cesig canniot be well defined until
the asserebly is designed, but the
ammernhlycannot be well designed
until the process iz defined. The
diffarence hetween an eco-
nomical asserebly process and a
costly failure lies almost entirely
in the hands of the product de-
signer, not the proces: designer.
Production costs are min-
imiz=d when design and produc-
tion engineering are coordinated.
That is, when ithe leasl costly
produciion procese 8 selected
and the product is designed for
that procesa. A method For find-
ing the least costly process was
Hetailed in “Design for Assembly:
Selecting the Hight Method,”
MT), Wow, 10, 1953, p. 24, A
method of designing producta for
manusl sssembly was presented

in*Dresign for Assembly: Manual
Aszembly,” MD, Dec. 3, 1933, p.
140. A future article will cover
sottware systems that aid inanal-
yauis and radesizn.

When a procuctis to b azsem-
blad automatically, the cesign
can be assessed lor suilabilily
even before the details of tae as-
sembly process are known. De-
sign lealares can be classified
and numerical retings assigned
to indicate areas where msembly
can be mzde easier.

Suitability of a product for au-
iomatic assembly can be deter-
mined by an analyais that con-
siats of threg major sieps for each
component 3art in the assembly:

® Estimate the cost of han-
dling the part autotmatically in
bulk and delivering it in the cor-
rect nrientation for insertion on
an autematic-assembly riachine.

¢ Bstimate the cost of in-
serting the part sutomatically
into the assembly and the cost of
any extra operations.

#® Drecide whether the part
musl necessarily be separate
from all other partsin the assem-
hiy.

These thrmee picces of inlorma-

tirm cam e eombined to eatimata
the total cost of assembly and tu
estiriaze the “design efficiancy,”
which I3 a oumerical raling (or
the ease of automatic assembly.

Handling cosi

The most important and diffi-
cull. consideration in automatic
assenbly is the efficdency with
which individual parts can be
handled antomaticelis, Seme
parts are impossible 10 feed and
orient automatically, even with
expert redesipn, and the assem-
bly system muzt then include one
nI mor2 mancal workstations.

Tae handling efficiency of
parts is presented in four charts
in the Degsign for Arscmbly
Handboek, and the chart for
rectangular parts is reproduced
in this arlicle, Tte charls make it
poegible to eatimate the relative
cost of & parls Teeder, £, and the
etficiency with which the part
can be crienled automatically,
E..

With values For C.and £, , plus
the basic cost of a standard feed-
ing and orienting device, simple
equations give the cost of auto-
matic part nandling. For exam-
ple, if the cost of 8 basic feeder
that can deliver parzs at 1300
min,;min is 55,0080, then the cosi
of feeding and orienting any part,

CJI iﬂ

C; = 0.03 D ¢/part
where

fip — GOC/F, HF, << F,

D; = 80C./F,ifF, > F,
F., = 1500E./Y

Insertion cost

The post of using an avlomalic
workhead for part inaertion can
be estimated frorm the Aulomatic
Insertinon Data Chart. This chart
classifies insertion processes and
gives relative workhead costs.

The basis for cusl comparisons
ia the cost of a simale pick-and-
place device thaz performs easy
inse-tions rom directly abme




From manual to automatic assembly

Whan executives at Satchwell Sunvic Ltd. wanted 1o cut costs by
automating production of animmersion heater controller, they consulted
experts at the University of Salford Industrial Center. Initial analysis
showed that of the 21 component parts in the original controller, 14 wara
unsuitable for automatic assembdy. AS & result, automation was
unacanomical.

The controller was then redesigned and simplified, using information
from the analysis. The new controller had 16 parts, of which only six ware
unsuited to automatic assembly. Now it was possible to automata tha
process, even though some manual assembly remained.

Such solutions are not uncommon in automatic assembly systems.
One or more parts of an assembly are often impossible to handle
automatically, so the assembly machine includes manual workstations,
For the immersion heater controller, the mixed automatic and manual
assembly system saved about $150,000 per year in assembly costs.
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the assembly at a maximum rate
of 60 parts/min. If such a work-
head, installed and nperating on
an assembly machine costs
BI10004, then the cost of auto-
matically inserting a part is

CE = ﬂﬂbﬂr ¢J"rPEI't

where
I = sOW./F.ifF. = 60
o = W, if &, = 60

Minimum parts

Assembly costa usually in-
crease in proportion to the num-
ber of parts in the product.
Therefore, no part should escape
scrutiny, no matter how low its
intrinsic value. Such paris as faz-
temers, clips, and washers may
seem insignificant in themselves,
but they add enormously to as-
semhbly cost. Taken as a group,

automatic assembly, because
each pari in the product requires
a feeding and orienting device, a
workhead, al least one extra work
carrier, a transtfer device, and an
increase in the size of the basic
machine structure.

Tl is not unusual for the elimi-
nation of a single fastener Lo save
F20,000 or more in the cost of an
assembly machine. Moreover,
because the resulting machine
has fewer work slations, it gene-
rally operates more efficiently.

For these reasons, estimating
Lhe theoretical minimum num-
ber of parts is a particularly im-
portantstepinthe analysis. For a
part to be judged essential, it
must satisly one of three criteria:

1. Does the part move with re-
spect to all other parts already
assembled?

reasons concerned with material
properties may be considered
here.)

3. Must the part be separate
from all other parts already as-
sembled because necessary as-
sembly or disassembly would
otherwizse be impossible?

- 3. Bush

- 4. Bpring
Washer

they often account for the major- 2. Must the part be made of a
ity of assembly cost. different material or be isolated
The cost influence of small from all other parts already as-
parts iz particularly evident in sembled? (Only fundamental
) ) - &, Pin
Tha dasign efficiency of this lever assembly is only 33% with aulomatic
assembly. However, much of thal low percentage stems from the required
assembly rate of only 30'min. With that assembly rate, an ideal lever assembly
wouled have an efficiency of only 50%. £ fliciency of the assombly could be
raised lo 43% if tha lever were symmetrical and were press fit on the stem. Alf
dimensions ara in mim.
] 8 7 8 9 10 11 12 13 14 required rate of assembly
N 5 Fr [ prer minute)
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Automatic Handling —
Data for non-rotational parts
(first digit 6, 7 or B)

A=11Hor B=1.1C
{Code the main feature or featurea which distinguish the
adjacent surfaces having similar dimensions. ]

First digit

Steps or chamfers Through grooves Ciher —
A=118 | parallel to — paralle] to Husles or including
6| and ) CECEESEE slight
i! s B=1.1C =18 asymmelry,
) TD | X axis Y axis Z axis X axia Yaxis Fanis (cannot features
vy and and and and and and he seen too small
=010 = 0.0 =018 =10 =14 =(L1H in silhovette.) ete.
)
Parl hae 180*
S¥MINetTy 0
about all 1
three axes
Z {ode the main feature, or if orientation is defined by more
than one feature, then code the feature that gives the
largeat third digit
Steps or chamfers Through grooves Other —
parallel to — parallel to — Holes or including
FECESSES alight
=010 aayvmmetry,
X axia ¥ axia £axis X axin ¥axia Zaxis {eannot features
and and and and and and e seen oy 2mall
={,1¢7 =010 =018 = i =010 =01B in zilhouette, ) e
0 1 2 a 4 f & 7
...... A e (AT ML T A NN AL ! O N I L Y, o n Ry
Almat B
%' X axis 15 )
E & bl
=B e
oz | About 03
== Yaxis ﬁ‘ﬁ' E 5
= a :
is -
z E Ahout, : —ERY
(=" £ axis e
Orientation
~ | defined by
- .E GIE AN
E‘g E feature
R % | Orientation defined
E, £ 2 | by twomain
g E*2 | features and one is
g Es
z Z | astep, chamfer or
£ 5o EROOVE
BT
@ =3 Other —
including
slight asym- _-.-{ o
e R




Automatic insertion — relative workhead cost

When these criteria have been
applied to all parts, the sum of
the essential parts is the the-
oretical minimum number for
the assembly. The criteria should
be applied without regard to the
apparent feasibility of elimi-
naling parts or combining them
with others, Feasibility and prac-
ticalily are matters o be ad-
dressed by the designer after the
analysis. The analysis itself indi-
cates the possible directions for
simplification and the cost bene-
fits Lthat result.

Generating data

These principles are carried
out in practice with the aid of the
Automatic Assembly Worksheet,
T illustrate the procedure, con-
sider an adjusting-lever assem-
bly.

The first step is to obtain the
best information about the as-
sembly. Here, an exploded three-
dimensional view is used, but
useful information might also be
found in engineering drawings,
existing versions, or prototypes.

the complete assembly is num-
bered 1, and individual parts are
numbered in the order of disas-
sembly,

Next, begin to reassemble the
product, starting with the part
with the highest identification
number. Complete one row of the
worksheet for each part as it is
added to the assembly, or for
each separate assembly oper-
ation. One row of the completed
worksheet for the lever assembly
serves as an example.

Enter the identification num-
ber of the part in Column 1. For
the lever, this number is 2.

Theleveris only added once, a0
entera 1in Column 2,

‘T'he part feeding and orienting
code is entered in Column 3. The
lever is basically a flat rectan-
gular (nonrotational) piece, with
its length less than three times its
width and more than four times
its thickness, so the first digit of
the code is 6. The second and
third digits come from the Auto-
matic Handling Chart. The lever
is not symmetrical about any of
ils axes, so the second digit must
be 4, 6, or 9. Its proper orien-
tation is defined by the semi-

After assembly no holding down required to Haolding down required during subsequent
maintain orientation and location. procesa(ea) to maintain orientation and
loeation.
Mot easy toalign or Waot casy to align or
Easy toalign position (no features Eazay to align position (no features
and position prowided for the and positinm provided [or the
purpose) purpose}
Mo Mo Mo Mo
| Part added resistance | Resistance | resistance | Fesistance |resistance | Resistonee |resistance | Resistanes
but o Lo to |74 to to T to
b nol secured ingertion ineertion insertion ineertion insertion inaertion iraertion insertion
1] 7
From n R B ﬂ Pl oMl Pl e e

& 2| o | verticaly ; %
o = aboye NS o L Bl e A i Db r ey ey e
5 [z 3
2 %ﬂ €| Mot from
i .
g E & § vertically
- ahave The second step is to take the  circular hole, so the second digit
= m a - - 2
22 Insertion not. assetnbly apart, or imagine how is 4. The through groove is paral-
R % straight line it might be done. Assign aniden-  lel tothe Z axis and is longer than
B2 motion tification number to each ilem; (.1 limes the width, so the third

digit is 5.

Code 645 indicates that the
orientation efficiency E, = 0.1
and that the relative cost of a
parts feeder C, = 1.5. These val-
ues are entered in Columns 4 and
o of the worksheet.

The lever is 17 mm long, and
the standard operaling rate for
parts feeders is 1500 mm/min,
and E, = 0.1, so a standard
feeder delivers 8.8 parts/min.
Therefore, 8.8 is the value of F,,
and is entered in Column 6.

The required assembly rate
F. = 30 parts/min, so the diffi-
culty rating for automatic han-
dling is given by

D, = 80C,/F,, = 60(1.5)/8.8
= 1.2
This value is entered in Column
7.

The cost of feeding and orien-
ling each part is entered in Col-
umn 8. For the lever,

C, = 0.03D;, = 0.03(10.2)

0.314¢

The lever is inserted onto the
pin, which has enough clearance
to allow easy alignment and posi-
tioning from directly above the
pin. The appropriate two-digit
code from the Automatic In-




sertion Data Chart is thus 00,
This number 1s entered in Col-
ummn 9.

The relative workhead cost
from the Automatic Insertion
Data Chart is W, = 1, which is
entered in Column 10,

The difficulty rating tor auto-
matic insertion 1s entered in Col-
umn 11. For the lever,

I, = 60W./F,
B0(1)/30 = 2
The cost of insertion is entered in
Column 12, For the lever,
C, = 0.080; = 0.06(2)
= (L12¢

The total cost of teeding, orien-
ting, and inserting the lever ia the
sum of the separate costs per part
for these operations. In other
words, it is the sum of Columns 8
and 12, multiplied by Column 2.
For the lever this amounts to
0.43¢, which is entered in Col-
umn 13.

If the part must be separate
according to the three criteria for
the minimum number of parts, a
1isentered in Column 14. Other-
wise, a 0 is entered. The lever
must be separate from the pin to
allow the bush and spring washer
to he assermnbled, so Criterion 3 is
satisfied, and the lever must be a
separate part.

When data for each part has

been entered on the worksheet,
the total cost of automatic han-
dling and insertion can be found
by adding the numbers in Col-
wmn 13, The theoretical min-
imum number of parts is found
by adding the numbers in Col-
umn 14, Im this example,
C, = L0Band N,,, =

Design efficiency is calculated
trom the equation on the work-
sheet. For the adjusting-lever as-
sembly, it is 33%.,

Assessing data

The data generated in filling
out the worksheets cover two
main areas: potential for elimi-
nating parts and potential for
improving automatic handling
and assembly. Areas where parts
may be eliminated or combined
with other parts are easy to lo-
cate from Column 14 of the work-
sheet. However, parts identified
with a0 in that column often can-
not be eliminated because of
other constraints. Manu-
facturing combined parts may be
impossible with available equip-
ment, or just too costly. However,
a reduction in parts is usually the
most effective way to reduce as-
sembly cost.

The second major way to cul
cost is to simplify the handling

and assembly of the parts that
remain. Start by checking Caol-
umn & on the worksheet. If this
maximum basic feed rate is less
than the required feed rate, then
check the feeding and orienting
efficiency in Column 4. A low
value for E, indicates consid-
erable acope for improvement.
The Automatic Handling Data
Chart serves as a guide to the
part features that create prob-
lems. Consider changes to the
part that make the second and
third digils of the feeding and
handling code as close as possible
to 00. The same charts can point
out helpful changes if the relative
feeder ¢ost in Column 5 of the
worksheet is greater than 1. Use
the Automatic Insertion Chart as
a guide to possible improvements
in the ingertion or fastening pro-
cess if the relative workhead cost
W, is greater than 1. il

Nomenelature
A = Longesl orthogonal dimension of

part, mm

A = Middle orthogonal dimension of
part, mm.

{I = Rhortest orthoponal dimension of
part, mm.

C, = Coal of automatic assembly,
¢/assembly

C; = Cosat of automatically inserting

part, ¢/part

{; = Cosat of feeding and orienting a
part, &/parl,

{r = Relative cost of parts feeder

I = Relative difficulty of inserting a

part

By = Relative of difficult of feeding a
part

E. = Efficiency of arienting a part auto-
matically

F, = Maximum basic feed rate, part/

min

F. = Hequired feed cate, parts/min

N.. = Theoretical minimum number of
parts

W. = Relative workhead cost

¥ — Maximum dimension of the part,
mm

Thizarticle is Tntgels binaed on the Desig e desembly
Harclbaak, which has been deseloped by Boothrogd
aid Derwlivear at the Univerzsity of Masaachusetta, The
hapdbook iz available frem Profeszar Rostheoed, Astin-
mutic Aussmbly Program, Degartment of Mechanical
Kngineeriog, Uniy. of Masa,. Smwberst, MA 01003, (413)
5450054,




DESIGN FOR
ASSEMBLY: ROBOTS

Robots can slash assembly costs, But as with any other PETER DEWHURST
assembly process, robot-based techniques must be taken FOisssar
into account at the design stage. The analysis procedure GEOFFREY BOOTHRGYD
outlined here shows how the right design decisions can cut HieSRer
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Automatic Manual 5
Arzembly Aszembly :
Azgembly elliciencies () 11 a1
Manual work slations B (i3]
‘Thilal work stationa 43 61
Costaper  |Handling, ins'n ete. BB 41.58
assembly  |Basie machine 1LEG 1501
i G, (i} Operator & supervisor 1,75 -
figl Teolal 67.27 10750
' S Tital ansembly time {2) 228495
] MNumber of different operations = 40
Total numher of parts = )
1 Theoretical minimum parts = 3 [
=1 Hequired assembly rate (nssem/min) L é
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e e ke 7 assembly analysis SR
i TPart. numlwr Aggembly Costs {mensured in cents per part) £
i and name method | Handling | Insertion | Extraop. | Total
8 g Auto 1.3 0.27 - 157
i Play cover Manusl 0.78 12 _ 1.98
2 2 Because this part would be expenaive to feed and orient automatically, manual handling
;:ﬁ#"i and insertion are assumed. This part is a candidate for redesign (part code 8566007
s 3 Auta 0.17 0.27 — A4
i Play hutton Manual 0.4 1.2 — L
| This part ic a candidate for redesign {part code 82000}
1 Auto (.54 0.22 R (156
Plav spring Marnal .G 0.4 — 20
f Auto 0.1L .27 (.35
Flaztic retainer Manual 2.4 1.2 — 40
it Auto 0.1l .22 — 0,33
Metal diak Manual 0.4 L4 — n.a
7 Auti 0,88 0.232 — .44
Magnet gear Manual 1.2 0.4 - 1.6
{ This parl is a candidate for redesign (part code 02001)
a Aule .56 0.22 - [T
=i Plastic washer Banual 1.6 0.4 - 2.0 i
Bﬁ: ‘I'his part is a candidate for redesign (part code KRS0 7
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PrRODUCTS intended for robotic
assembly can be analvzed in
much the same way as those in-
lended for manual assembly or
automatic assembly. The prod-
uck is assembled, and each part
or subassembly in the product is
analyzed Lo delermine the cost
and time required to add it to the
assembly. In addition, the partis
examined to see whether it must
be separate, or whether it can be
eliminated or combhined with

some olher component. The re-
sults guide redesign, indicating
where additional effort is most
likely Lo cut production cost.

The economic analysis® that
indicates whether manual, aulo-
matic, or robotic assembly is
likely to be most economical can
be shortened and made easier
with the aid of newly developed
computer programs. The design
analysis of products intended for
manual or automatic assembly

TAPE PLAYER

CHASSIS

-- &, Plastic retainer
--—6. Metal disc
=T, Magnet gear
f___,.-—EL Plaslic washer

has also been computerized.
However, design analysis of ro-
botically assembled products
must still be carried out by paper
and pencil.

Product analysis

The analysis system shows the
effect of design decisions on the
cost of robotic assembly., T'he sys-
tem can be updated easily, so
Lhat changes in the cost, speed, or
cvcle time can be factored into
the analysis,

The robot used as the basis for
cost comparizons has two arms,
each with four degrees of free-
dom. These are X, Y, and Z,
translations and a wrisl rotation
about the £ axis, which is at right
aneles Lo the work fixture. Wrist
rotation is essenbial to enable the
robot. to orient rotational parts
ahoul their axes of insertion.

The relative cost of the robot
arms needed to assemble a par-
ticular product is then deler-
mined by the difficulty of the in-
sertions. It is affected mainly by
the degrees of freedom needed to
carry out the inserlion.

In the analysis, a relative robot
cost 4,15 assigned lo each sepa-
rale insertion operation. The ex-
tra cost of special grippers or
tools, Ao, is then added to the
largest value of 4,.

Time estimates are made un-
der the assumplion thal the as-
sembly system has enouch com-
pliance Lo facilitate part
insertions, The compliance may
be built into the robot wrist, the
wark fixilure, or both. Also, either
the robot gripper or the work fix-
ture 15 assumed to have sensors
that detect the presence of parts
and verify insertion. With these
capabilities, stoppages caused by
faulty parts do not present the
major problems often encoun-
tered with dedicated automatic

w4 detniled manual proceduce Ger selocting che laast
costly aepernbly process was pregented in Thesign o
Azactnbly; Selecting the Right Meuhod,” MDD, o 10,
1, p. U4, Tleeign rechniogues Toe maoual and anko-
woulic ansembly were affered in ~*Design lur Assemhbly
Miwal Assembly,” MTI, Diess B, 1953, 0 LMY, and “De-
sign For Assemlly: Autarmatic Aseem by MO Jan, 24,
1984, 2. BT,
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assembly systems and need not
be included in time estimates.

The present generalion of ro-
bot. arms typically takes 3 s (o
muove, Frasp, orient, return Lo the
work fixture, and insert a part.
Normally one robot arm inserts a
part while the olher grasps and
moves the next part. The min-
imum time belween part in-
sertions is thus 1.5 5. To allow for
delays caused by interactions be-
tween the arms, the analysis as-
sumnes that the system time 77,
for assembling a part with no as-
sembly problems is 2 =

To carry out a gripper change,
inserl a part, and return to the
original gripper, one arm typi-
cally spends 9 instead of 3 5. In
the worst case, the other arm will
only insert one part during this
time. Thus, two parts have heen
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added in 3 5 instead of the usaal 4
. In the best case, the other arm
inserts two parts during the
course of the gripper change. To
accommodate these exlremes, an
average time penalty T, = 4 s is
used in the analysia, giving a Lotal
of 63 per part inslead of 2 s,

In many assembly operations
une part must be held down while
the next part is added. If one ro-
hot. arm must hold down a part
while the other inserts a second
part, then the svstem time for
one part 15 lost. In general, then,
if both arms are required, the
aystern Lime for that partis 4 s,

Example

T see how this system works
in practice, consider the example
of a small pneumatie piston,
Parts are numbered in reverse or-
der of assembly, su entry on the
worksheel starts with the highest
numbered part.

In the first column, enter the
identification numher of the
part. In the second, enter Lhe
number of limes the insertion
nperation is repealed,

Next, delermine the appropri-
ate two-digit insertion code from
the Robotic [nsertion Chart and

enter it in Column 3, The chart
gives relative robot cost 4, , addi-
tional relative cost A, system
time for the operaiion T,, and
the time penalty for a tool or
cripper change T,,. These values
are entered in Columns 4
through 7, respectively.

Determine total system time
lor the operation by multiplying
the numbers in Columns 2 and 6,
and then adding the number in
Column 7. Enter this value in
Column 5.

If the part must be separale,
enter one in Column 9; if not,
enter zero. To be judged a sepa-
rate part, it must move with re-
gpect to all parts already assem-
bled, must be made of a different
material or require isolation
from all parts already assembled,
or must be separate for reasons of
assembly or disassembly.

When these nine columns have
been eompleled lor every part or
subassembly in the product, to-
tal assembly cost and design effi-
cieney can be caleulated. Add the
numbers in Column 8 o find es-
limated total assembly time, T,
Add the numbers in Column 6 to
find total relative cost of addi-
tional grippers and robot tools,
A, Take the largest number in
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Little or no resistance
toinsertion
Fart can be easily gripped
and manipulated

Fart. is self

locating

Self
aligning

A pPARTS
AND

Straight line inser-
tion from above
Mot from above

or not straight line

Hirpight line inser-
tion from ahove

Accessible [
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Parl added and

gecured immediately

Mot from above or
not straight i
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Only
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Little or no rezistance
to insertion

Parl. can be easily gripped

and manipulated
Snappuch fit
apire nuts elo.
melf Mot eagy Self Mol eagy
aligning | toalign | aligning | toalign

1 3

1 1

Screw, nul el

Siraight line inser-

tion from above

Mot from above
or not atraight line

Straight line inser-
tion from abowve

Pari udded but not
finallv secured

Column 4 as the relative robot
cost, A, . Add the number of parts
in Column 9 to find the the-
oretical minimum number of
parts, N,.. Find total cost per as-
sernbly from
G — [0, A0 T HiCuds — I g

For the pneumatic piston, the
worksheet gives A, = 1,4, = 0.1,
and T, = 24. Total batch size T,
= 100,001, Reasonable values for
the other parameters are C,=
150, C, = 0,003, and [}, = 7. This
gives a total cosl per assembly of
(..": = 32.B¢.

The theoretical minimum

Mot from above or
nist alraight line

Separate assembly operation
_ where n &

1art is ed _

L ERICG R

..
1 2

1 2
0 n nos 4
SRR Snap/push|  Screw [
AT LETL fit tighten (&
Easy with standard |5
tool or gripper |8

nummber of parts is the sum of the
figures in Column 9 of the work-
sheet, so N, = 4. The “ideal” de-
sigm for the present generation of
robol assembly systems has this
minimum number of parts. Each
of these parts can be assembled
in the basic system timeof 23 and
none requires a special gripper or
tool. The cost ol Lhis ideal design
is therefore

C,=(2C,CN,, + D0 Tyt

If $1,000 per part. is allowed for
magazines and 51,000 for work
fixtures, then I); = 5 for the ideal
design of the piston, and the min-

3
4
s &
4

imum cosl is (7, = 8.6¢.

The design efficiency is the ra-
Lio of assembly costs for actual
and ideal designs, or 26%. Most of
the reasons for Lhis low efficiency
raling are evident from the work-
gheet. The assembly contains
seven parts instead of the the-
vretical minimum of four. Of
these seven parts, four present
problems in robot assembly. The
piston requires a special gripper.
The screws necessitate a tool
change, and the cover is difficult
to align and needs holding down.

In this example, the cost of us-




ing dedicated robot tools, maga-
zines, and work fixture is 224 for
tke original design (67% of the
assembly cosl) and 5S¢ for Lhs
ideal design (58'% of total assem-
hly cost). These percenlages arz
reasonaby “vpical of oreaent ro-
hotic syazems, and sugpest that
the development of versatile
parts-presentation devices has
the potertial for larsge savings in
robelic assemaly, However, even
without such devices, the figures
also suggest. taaz the 24.2¢ sav-
ings available from improved
product design far m:tweigh the
17¢ sovimgs svallable from im-
proved manufacturing syabems.

Aids to analysis

The major barrier to des.gr.-
for-aszembly analvsis s usually
time. Design achedules are a-
ready an tght that additienal
analysis 5 precluded. A recently
developed set of friendly software
aids for use with commen rmizro-
compulers eases this time pres-
sure. The set consists of sin sepa-
rale dises nvailable for vither the
Apple II Plus nx the IBM per-
gonal compaler,

The first program deals with
the economics of assembly, as de-
serilred in the firet article in thes
geries. Howevar, the program s
fullv interactive, s¢ Lhat Lhe user
has access Lo the data vase and
can put in producticn wolumes,
operator cosls, product descrip-
tions, and payback periods that
are approp=iate to his ¢Wwn ¢ome-
pany, The assembly systema cov-
cred in the program represent
current industrial practice, and
can be classified as manual,
special-purpose automatic, or
programmable syslems. The
progrem prinks out the produc-
tion enst for the product under
each of Lhe wix husic ussembly
swatema. [talso renerates a set of
graphs showing how cosl veries
with production volume.

This pregram quickly shows
wheilher a particuzar product is
likely to cost less if it is assembled
manually, automatically, or ro-
haotically, Tf manual or automatic

assembly iz leasl coslly, Lhe prod-
uct can be analvzed with avail-
able software. Design analyaia
sollware for robotic assembly is
not yet availaktle,

Tae Degign for Autormatic As-
sembly and Design for Manual
Azsembly programs essentislly
autemate the manual desigh pro-
cedures described in thz second
and third articles in this zeries.
Because of space limitations, 1he
discussion is limited to the
aulomalic-assembly prograrm,

Befere running the program,
users should chtain an exploded
view of the assembily or the geual
aasembly, it it already exiata. The
assemBy s then laken pparl,
andthz name of each part or sub-
assemnbly is entored in turn, For
each entry, the corputsr re-
guests the securing method if
any, aad whether the assembly
needs to be recriented to allow
the parl to be removed.,

AFter the complete parts list is
baill. in Lhis way, the computer
prompts the wser for addilional
information on each part. The
firat properbies checked are those
that would @use difficolty in
freding Lthe part. Such proper Lies
inelude nesting, tanglng, anl
fragilily, When such properties
arc noted, the system allocates
a1 appropriate Zeeder-cost pen-
ally Lo ithe pari,

Ty establish the cost of orien-
ting each part, the uwser is firat
asked L select Lhe shape of ils
bagic znvelope. Overall dimen-
siong are then reguesied, fol-
lovwed by the degree of symmctry
anotl each principal azis. Suir-
able features must be present for
the part to be nriented automat-
ically, s the computer displays
menus and requires orentation
featuras -0 oe identified.

These processes establish a
c_assification code for each part.
The computer Lhen uses Lhe
codes ko fird feediag efficiencies
and relative feeder costs. Similar
provesses eslablish inserlion
cdes and oosza.

Finalty, the uzeris ashed 1o ap-
ply three criteria to cach part m
nrder to decide whether it should

be cansidered for elimiration or
combination with other parts.
This information establishes the
thegretical minimum number of
parts for the azsembly.

T e user is not asked whether
such eliminations of combina-
tinnz are technlically feasible, be-
cause this is a sabjective ~udge-
ment ta be made after the
anahyais is esmplete. However,
the vser shauld realize Lhat. every
part in a product requires sasem-
bly. Bmall, inexpensive, and
scemingly insignifican! paris
such as £z steners often coat much
more o assemble Than larzer,
more comples paris. Such small
iterms arve often over:ocked, vet
they frequentiy account for
muach of total praduct cost.

F-nslly, the computer displays
for 2ach pert botk manual and
aulomatic assem bly cosis, [ also
indicates, waen appropriate,
Lhal wulomatic assembly of a
part is not feasible, or thal the
part iz 2 candidate for elimi-
nativon or redesign, A cosl sum-
mary cor the whole assembly (s
alye displayed. Maturally, the re-
sults are available as printouts es

well as dizplays. ) o
Nomenpelature
A; =Additional relative cirl fpr apecigl
toole and griprera

A, =Relative rohot toat
C, —Coaut of ztandard asgembly rohot
with twe arma, each having four da-
preesof freedom and 2quipped with
versatile grippers. k¥
0 —Cost per asserublr for ideal desipn,
L
C. — Cost ol wsing nondedicated ecquip-
ment of unit value $1,003, ¢/
{5 w=Cosl pe- wssenbly Car acual de-
sign,
0y ="lntal eost of parte ragazines and
wirrlk fixlurag used with the ameem-
bl system, ki
My, —Theoretical miniomma nunbar of
parts
Ty —'Thtal asmenbly time ser unit, =
T ="Thtal hatch zize to be asser. bied
Ty =T.me penalty epsociated with
changing gripper: nrspeciol tooks, 5
T\ — Aasembly Limne Tor Lhe operalien, s

Thig aetiche ia Wrges bazed cm she L caigm oo Asmem by
Fznd%ek | which hae b deasloped by Brochrom]
el Dhewluz ol A he Ui vetlie of Blawschoastza. The
buasdb ookeds an aalacle fromoFrofess: ¢ Baothroyd Aazo-
et Avzwley Poopraw, Tepaclc vl of elechuniowl
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To order additional copies of this book, write to:

Penton/IPC Education Division
Penton Plaza

1111 Chester Avenue
Cleveland, Ohio 44114

or call toll-free 1-800-321-7003
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