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ecisions made during the design of
D aproduct can significantly affect its

cost. quality, and lead time. We are
developing a methodology for evaluating
the machinability of a part during the de-
sign stage so that problems related to ma-
‘chining can be recognized and corrected
while the product is being designed.

There may be several alternative waysto,

machine a given design. Our approachisto
systematically generate and evaluate these
alternatives and thus determine how well
they balance the need fora quality product
against the need for efficient machining,
There are three basic steps:

of the design as different collections of
machinable features.
(2) Generate various possible sequenc-
es of machining operations capable of pro-
“ducing each interpretation.

ity and associated costs.

The results of this analysis will provide
feedback to the designer about problems
that might arise with the machining, and
information to the manufacturing engineer
about which machining processes and pro-

(1) Generate alternative interpretations -

(3) Evaluate each operation sequence -
to get information about achievabie qual--

* cess parameters are most deSirable._ S

Generating machining aiternatives. A
machined part Pis the result of performing
a set of machining operations on a piece of
stock S. A machining feature is the volume
removed by a single machining operation.
A feature-based modef is a collection of
disjoint features whose union is § — P. Two
FBMSs are eqiivalent if they represent the
same part. Givenan FBM, we can generate
other equivalent FBMs using feature re-
interpretation operators to map sets of
features into other sets of features. These
are similar (but not identical) to the oper-
ators described by Karinthi and Nau.'

For example, consider the rotational part.
P, whose cross section is shown in Figure I
(for details, see Nau, Zhang, and Gupta’).
This is a $leeve to fit"in a slider-bearing
house. The two holes H1 and H2 are de-
signed for supporting the: rotating shaft, '
and the recess H3 provides storage for
lubrication. Feature reinterpretation op-
erators produce several FBMs for P, (see .
Figure 2. -

Accessibility and setup constraints will
require that some features be machined |
belore or after others. To represent these -
constraints, we use a hypergraph called 2
time-order graph. Several operation $€
quences will generally satisfy the time-
order graph. For example, here i8 an oP7 _
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Figure 2. Alternative interpretations of P, with their time-order graphs.

eralion sequence that satisfies the time-
order graph for interpretation 4 in Fig-
ure 2

drill A, drill i, bore fiy,, bore b
(OsSh

Operation sequence 1 contains onlyong
machining operation for cach feature,
but creating a feature will sometimes
require a roughing operation followed
by one or more finishing operations.
‘The time-order graph gives the prece-
- dence constraints only for the roughing
operations. The constraints on the fin-
ishing operations involve the nature of
those operations: how the part will be
fixtured (held in place) during cach op-
eration, how many serups {changes of
fixturing) will be needed, etc. Here is
one way to augment OSi 10 include
finishing operations:

62

drill b ,. drill f1,. bore . bore by
bore k. bore fi5, _ (0O82)

Machinability evaluation. The capa-
bilities of a machining proccss depend
on the machining-sysiem parameters (for
example, the feed rate, cutting speed.
depth of cut, and structural dynamics),
whose effects can be modeled deter-
ministically. They depend also on the
natural and external variations in the
machining process (for example. vibra-
tion caused by variations in the hard-
ness of the workpiece material), which
are best dealt with statistically. On the
basis of these considerations, we have
developeda deterministic/statistical sim-
ulation model for evaluating whether
or not a candidate operalion sequence
can satisfactorily achieve the specificd
machining lolerances. givenits machin-

ing data. the feature’s dimensions. and
(he material to be machined.™

We have also developed formulas for
cstimating an operation sequence’s pro-
duction cost.>® These formulas include
fixed costs (depreciation of equipment,
mainlenance disbursements, administra-
tive expenses, etc.} and costs that vary
according to the level of production ac-
tivity (costs related to machining activ-
ities. tooling, auxiliary aclivities, etc.).

For example, suppose the dimensions-- -

of the part P, are D, =40, D.=60,D;=
60, L, =30, L,=40,and L;= 80. On the
hasis of our technigues [or machinabil-
ity evaluation, Figure 3 graphically rep-
resents operation sequence 2 and the
machining lolerances produced by each
of its steps. As the cost computalion in
Table | shows, the estimated total pro-
duction cost for OS2 is $48.79.

Evaluating trade-offs. In OS2, hy
through k5, will be made in one setup, as
shown in Figure 3, offering an opportu-
nity to achieve high machining accura-
cy. However, OS2 is not the only oper-
ation scquence for creating the part P,.

‘082 will be preferable when there are

tight tolerance specifications (particu-
larly the concentricity tolerance between
H4 and H5): but if the tolerance specifi-
cations are not light, then some of the
ather (lessaccurate) operation sequences
may produce acceplable tolerances al
lower cost. By generating and evaluat-
ing the alternatives, we can determine
which best satisly the machining toler-
ances and cost objectives.

Conclusions. Qur new approach for
cvaluating the machinability of a part
during the design stage is to perform a
systematic generation and evaluation
of machining alternatives. The results
of such an analysis can be useful in two
ways: to provide feedback to the design-

_eraboul the machinability of the design

so that problems related to manufac-
turing can be recognized and corrected
while the product is being designed.-and
to provide information to the manufac-
turing engineer for use in developing
process planning alternatives, depend-
ing on machine too! availability. For

further details, sce Nau. Zhang. and.
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Table 1. Cost analysis for operation sequence 2.

Machining Spindle Feed Machining  Aux. Machining Toeling Aux. Fixed Total
Operation  Speed {mm/rev) Time Time Cost Cost Cost Cost Operation
(rpm) -(min) (min) Cost
Drilt b, 250 0.30 5.20 3 $2.60 $3.47 $1.50 $1.00 $8.57
Drill Ay, 200 0.15 1.00 3 0.50 1.40 1.50 1.00 4.40
Bore A, 400 0.10 0.75 3 0.60 1.29 2.40 2.00 6.29
Bore Ay, 400 - 010 9.75 3 7.80 4.12 2.40 2.00 1632 -
Bore k;; 400 0.10 1.00 3 0.80 1.72 2.40 2.00 6.92 o
Bore hs, 400 0.10 0.75 3 0.60 1.29 2.40 2.00 6.29
Total sequence cost: $48.79
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Figure 3. Operation sequence 2 and the machining tolerances produced at each

step-




