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Six sigma design

and statistical tolerance analysis

Abstract: This article discusses six sigma methodology and
explores incorporation of statistical tolerancing. It also
contrasts current industry practice and includes examples
from the PS80 pressure switch program. The focus is on
product development, where current texts have been
vague in defining methodology. ‘

Six sigma can be used as an effective tool in product
design and process development. In the most general
sense, six sigma is used to predict and monitor process
performance. It also can be an effective benchmarking
tool, standardizing the metrics by which processes and

The greatest potential benefit is in prediction and opti-
mization. This area of six sigma design is often glossed
over, with the bulk of attention focused on establishing
and monitoring sigma levels in a manufacturing process.
This is understandable, as it gives immediate feedback to
the process developers and allows manufacturing engi-
neers to monitor process performance. It is an improved
tool over using “X-bar and R” charts for statistical process
control (SPC) of individual process steps without regard
to overall system performance. An understanding of over-
all system behavior is necessary to make design decisions

designs are measured.

that have the greatest impact on improving the process.

HE standard SPC methods

I allow accurate monitoring
of a given process or
parameter. They usually reflect the
performance of that operation with
respect to a tolerance, and often
have an “early warning indicator,”
when the process shifts (Cpk

drops) before producing unaccept- -

able parts. A process shift of 1.5
sigma is expected,! and SPC can be
used to identify and correct that
shift before introducing defects.
SPC is therefore an effective
tool for monitoring a specific pro-
cess step. With an intuitive under-
standing of all the steps in the
process, an engineer can use the
information from the multiple
SPC data sources to assess the
“health” of the process in a quali-
tative fashion. Six sigma is a tool
that uses SPC data in a quantita-
tive framework and helps show
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the interrelated nature of the dif-
ferent steps in a process and com-
ponents in a product. By estab-
lishing a consistent method for
the interaction of process yields
and component capabilities, six
sigma becomes a powerful predic-
tive tool. It is in light of these
capabilities that processes and
components are studied.

The experience of engineers
with the impacts of component
variation has resulted in two gen-
eralized design mantras:

¢ Minimize the number of com-
ponents in the assembly

¢ Maximize the capability of the
components being assembled.

These are good rules of thumb,

however they do not offer the

design engineer a complete plat-
form from which to operate, as
they can be a little misleading and

are vague in their directives. As an

example, combining two function-
al components into one compo-

nent with two functional features
reduces the opportunities for mis-
assembly by eliminating an oppor-
tunity to omit one of the two
parts. It does not necessarily
improve the capability of the
design, because the process creat-
ing the single component with
two features could be inherently
less capable than the processes
used to create and assemble the
two separate components. The
consolidated component may not
be as cost effective as the separate
components, although the oppo-
site is typically the case. It is
important to have the tools to
evaluate the individual cases and

‘apply the guidelines only when

appropriate. The goal of this arti-
cle is to present these tools in a
fashion that promotes their effec-
tive use.

Six sigma process

A quick review of the six sigma
model of a process will establish a
framework for application of statis-
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tical tolerancing. In Figure 1 a sim-
ple process is illustrated. One com-
ponent undergoes a single opera-
tion, followed by an inspection
with a resulting yield. The process-
es being studied are those for non-
repairable product, where a defect
requires scrapping the unit.

The analyses also would apply
to rolled yield figures for repair-
able products. Rolled yield (also
called first pass yield) is the ratio
of units that pass through the
entire process without repair or
rework. Process yield is further
defined as the ratio of completed
acceptable units to initiated units
where no rework or repair proce-
dures exist. A rework operation
would capture components exiting
the process as scrap, and apply a
repair operation to them. These
components could then either fol-
low a unique process path, or be
reincorporated into the original
process. This article addresses pro-
cesses without rework operations.

The component (or assembly)
entering the process step has an
incoming capability, or sigma
level, reflecting the capability of
the incoming components at meet-
ing established criteria. The crite-
ria are an upper tolerance limit
(UTL) and a lower tolerance limit
(LTL). There also is a nominal tar-
get, which lies between the LTL
and UTL, and is typically centered
(symmetrical tolerance). The dis-
tribution, a result of the processes
creating the measurable parame-
ter, is modeled as a normally dis-
tributed variable, having a mean
and standard deviation. The selec-
tion of a distribution medel for an
input variable is dependent pri-
marily on what previous experi-
ence dictates.

The dependence of ideal mod-
els on multiple variables is a sig-
nificantly complex interaction

First Time Yield

—> Process Yield

Figure 1. Single .compohent, single process.

such that use of a strict rule for
model selection would be impru-
dent. For the models being stud-
ied, normal distributions are suffi-
ciently representative to be predic-
tive. If another model (lognormal,
for instance) yields a better repre-
sentation, then it should be used
instead of the normal.

The capability index, Cp, is a
ratio reflecting the width of the dis-
tribution to the width of the accept-
able values. Cpk is a refinement of
that measure that includes a mea-
sure of accuracy, or the distance
from the target to the distribution
mean. A graphical representation
is presented in Figure 2. The follow-
ing equations are used to calculate
those indices from the mean and
standard deviation of the sample
distribution being studied.
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Six sigma training focuses on these
measures, as do TI quality policies
and supplier certification criteria.
The importance of process capabil-
ity is adequately addressed. The
determination of the fraction of the
components that enter the process
as defective units is not as well
identified or incorporated into sys-
tem analyses in many cases.

The number of defects intro-
duced into the process (in the

LTL Target

Frequency of Occurrence

UTL
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Figure 2. Parameter distribution within a tolerance.
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component) must be determined
to accurately assess the overall
process yield. With knowledge of
the (normal) distribution of the
parameter studied, or the capabili-
ty of inputted components or
assemblies, the number of defects
introduced can be found through
the use of Z-tables. Alternately,
spreadsheet software allows cre-
ation of a Z-table. Floating point
precision will allow accurate num-
bers to 7.5 sigma, doubling the
size of most widely available
tables, and allowing more accurate
interpolation. Process models use
a different distribution.

The introduction of defects by a
process is modeled as a Poisson
distribution.? This distribution
was selected because random
defects in a process are the most
difficult to prevent, and therefore
the ones most likely to affect the
process. The Poisson distribution
reflects the aggregate behavior of
these random defects. This allows
a first time yield approximation of
FTY = e PPU, where DPU is
defects per unit. Defects intro-
duced sequentially compound, or
in other words, rolled yields mul-
tiply. If a component goes through
three sequential processes3 each
introducing a, b, or ¢ defects per
unit, then the rolled yield for the
process becomes e~(atb+<), the
product of the individual yields.
This is a ratio of good product
completing process ¢ to compo-
nents entering at a. The same logic
applies when defects are intro-
duced by a component, although
the analytical form does not sim-
plify as cleanly when combining
the normal distributions.

The definition of tolerances is of
critical importance to the rest of
the analysis! The tolerance limits
for a characteristic must be func-
tionally defined. The limits shall be
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set initially based upon the func-
tion of the component, not the cost
of manufacture or equipment
capability; those issues are both
addressed later in the develop-
ment cycle. The key to this analysis
is accurate representation of “what
works” (note that a cost constraint
can be a criteria and should be
used at this stage, only generalized
cost reductions should be
deferred). This knowledge can be
gained by testing or modeling per-
formance at the endpoints (limits)
of the range of the characteristic.
When a component with a
known distribution of the parame-
ter in question (see Figure 2) is
introduced, the defects per unit
introduced can be identified by
using the Z-tables. The distribu-
tion is rarely perfectly centered
between the tolerance limits, so
two separate single-tailed tests

First the standardized distances
from the mean of the characteristic

to both endpoints of the tolerance
must be identified. For example, if
the mean of the observed charac-
teristic is 2.5 sigma below the
UTL, and 3.5 sigma above the
LTL, then 6210 ppm defective
material will be introduced above
the UTL, and 233 ppm defective
material will be introduced below
the LTL, for a total of 6443 ppm
defects per unit (or defects per
million opportunities, dpmo,

- assuming one opportunity per

unit). The ppm defective data is
taken from the Z-table entry asso-
ciated with each respective sigma
level. This number can effectively
be treated in the same way as the
FTY information for an operation,

~ when calculating rolled yield, and

is referenced as “FTY.”
For the process in Figure 3, the

must be performed. operation has a yield of 98.02 per-
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FTY = 0.9802

“FTY” = 0.993557

2.48% Scrap

Process Yield

7 97.3885% Rolled Yield with
1306 ppm defects shipped

Figure 3. Single component, single process with yield data.
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cent, meaning that 98.02 percent of
all product entering the operation
leaves the operation to specifica-
tion. A measurement of the pro-
cess reveals a DPU of 0.02, and
since FTY = e~DPPU, FTY=98.02%.
The DPU level is simply the num-
ber of defects observed divided by
the number of units inspected. If
furthermore, the component intro-
duced to the process is at 6443
ppm quality levels (as in the above
example), then 99.3557 percent of
the product reaching the operation
- is good. No inspection operation is
perfect. Inspection effectiveness is
a ratio (between 0 and 1) that
reflects the ability of the operation
to identify a failure. If the inspec-
tion has an effectiveness of 0.95,
then 95 percent of the bad units
will be observed, and 5 percent of
them will escape to the customer.

The combined yield of the com-
ponent and process is calculated by
multiplying the FTY and “FTY”
from the process and part, respec-
tively, yielding 97.39 percent,
relative to the number of compo-
nents entering the operation
(.9802 X .993557 = .973885). There-
fore 2.61 percent of the output from
the process is bad (26115ppm), and
5 percent of those escape (because
the inspection is only 95 percent
effective), resulting in a delivery of
1306 ppm product to the customer,
as well as a scrap rate of 2.48 per-
cent (26115ppm X .05 = 1306 and
26115ppm X .95 = 24809).

Within the six sigma vernacu-
lar, our process has a 2.49 sigma
component and a 2.06 sigma pro-
cess step, resulting in a 1.94 sigma
process. The sigma levels indirect-
ly refer to the ppm levels for the
component, process step, and total
process; and are found by using

the Z-tables to find the sigma level -

associated with the ppm levels
above. The compounding effect is

clearly significant (hence the
“minimize parts and steps” rule of
thumb).

The sigma level refers to our
assessment of the process and can
be used as a tool to improve our
product and process. This is often
confused with the customer’s per-
ception of the product. Our cus-
tomers will focus on the 1306 ppm
level, which is what they will expe-
rience from our product and will
drive their perception of our quality
system. The customer is receiving a
3.01 sigma product because of the

final quality check. All the defective

product costs TI money and is the
target of design (product and pro-
cess) improvements.

The process sigma level (rolled
yield) is the best measure of the
health of the product and process,
and should be the metric used both
for internal tracking and bench-
marking of competitors. The sigma
level to which referenced must be
consistently applied in the organi-
zation, to prevent comparison of
apples and oranges when evaluat-
ing product lines. This can be dis-
concerting when a new, more capa-
ble process is introduced at a lower
sigma level (because of inconsis-
tencies in the reporting method).
Highlighting the distinction

between “shipped” quality levels
and “process” quality levels should
serve to effectively delineate the
metrics.

Statistical tolerance analysis
Without statistical tolerance analy-
sis, complex interactions of com-
ponents cannot be predicted accu-
rately and incorporated into the
six sigma process analysis. There
are situations that require slightly
different analyses. When two or
more components (or features, or
assemblies) enter the production
process at the same time the
analysis is more complex. Figure 4
depicts the process flow condi-
tions for this analysis.

When the parameters subject to
failure criteria are independent in
function, the yield computations
are the same as if the components
were assembled in series, with sep-
arate “FTY” data. A process that
serves as a good example of this
would be attachment of wire leads.
Let X; and X; represent the dis-
tributions of the lengths of the two
wire leads, and let X3 represent
the suitability of the weld terminal
for lead attachment. All three fail-
ure criteria are independent, yet all
are relevant to the specification of
“properly attached leads of the

Xy = N(py,04)

Xo = N(tp,0,)

;3 = N(ua,03)

00

First Time Yield

Figure 4. Multiple components, single point of process entry.
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