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Anna C. Thorn t o n

To cut variation and manufacturing costs, focus on key characteristics.

Key Characteristics

n the last decade, manufacturing org a n i z a t i o n s
have seen the need to reduce variation in their
manufacturing processes because variation gener-

ates cost through rework, re p a i r, and customer dissatis-
faction. Reduction of cost due to variation is being
made in two phases of the product development cycle:
design and manufacture .

In the design phase, robust design methods are
being used proactively to create products that are insensi-
tive to variation in the manufacturing process. For exam-
ple, the Ford “Windstar” vehicle development pro c e s s
incorporated the use of assembly variation modeling
t h roughout the product development. Ford estimated that
the up-front attention to variation saved between $5 and
$10 million in downstream rework costs.

Once a product is in production, variation can be
reactively reduced through improvements in the manu-
facturing processes, such as Motoro l a ’s “Six Sigma” drive
to reduce defects in its products to no more than 3.4
defects per million by improving process cont ro l .
Although controlling variation in production is necessary
to continually reduce costs, preventing variation fro m
a ffecting the product (such as robust design) has more
cost benefits for a given eff o rt. By reducing the effect of
variation early in the design process, expensive monitor-
ing, rework, and quality problems can often be avoided.

Variation reduction has been enabled by tools and
aimed at the identification, management, and re d u c t i o n
of the effects of variation. These methods include design
of experiments (DOE), Taguchi methods, statistical pro-
cess control (SPC), variation analysis (VA), robust design,
and tolerancing methods. These tools have been used suc-
cessfully in a variety of organizations to model and re d u c e
variation in product. Despite the success of these methods,
t h e re are still limited methods to identify what pro d u c t
f e a t u res and part dimensions to apply the methods to.

Until re c e n t l y, identification of features that need contro l
has been casual and unsystematic. 

To solve the question of what characteristics must
be controlled, the method of “Key Characteristics” (KC)
is gaining popularity in a variety of manufacturing
o rganizations. KCs are those features that have signifi-
cant impact on the product quality. The methods associ-
ated with KCs define the process by which the KCs are
identified, analyzed, and tracked. Organizations using
some form of KC implementation include Boeing, GM,
F o rd, Chry s l e r, Xerox, and Kodak. 

Variation Reduction
T h e re are several methods used in industry to con-

t rol variation. In general, both the existing methods and
KCs are used to manage variation on several product lev-
els: product, assembly, sub-assembly, and part. At the
highest level, the tools manage variation of the pro d u c t
characteristics a customer encounters (such as gaps in a
car body, part interchangeability in aircraft, or paper feed
jams in copiers). At the detail level, the tools are used to
reduce the variation in part feature (diameters of ro l l e r s
or distances between fixture points in sheet metal). Some
tools manage the interactions between the detail level
variation and the product level variation.

Variation Analysis 
VA simulates how variation in part features will

a ffect the dimensions of a product. VA uses the geometric
definition of the part, assembly constraints, and the
potential part variations to build a model of the assembly
p rocess. Utilizing a Monte Carlo simulation, a larg e
number of products are built “virtually” and the eff e c t s
of part feature variation on the product features are cal-
culated. Using statistics, the significance of each feature
on the product can be measured. 

P roducts function or assembly VA has been found
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invaluable by a variety of organizations (such as Ford
Windstar). However, the modeling process is time con-
suming and the computations become exponentially
m o re complex with each additional variable. If VA is per-
f o rmed without a focus on the critical feature set, it can
often generate too much data.

VA methods are very useful for predicting dimen-
sional variation in assembly but cannot calculate other
p roduct characteristics (such as perf o rmance). Other
modeling methods must be used to predict the effect of
the product dimension variation on product perf o r-
mance variation. For example, the variation in the dire c-
t ion an engine po int s on an ai rcraf t can have  a
significant impact on fuel eff i c i e n c y. VA can help pre d i c t
the variation in the engine placement but other models
a re needed to calculate the cost impact due to the
reduced fuel eff i c i e n c y.

Cost-Loss Function 
The Taguchi quality loss functions or cost-loss

functions of product features are used to correlate cost to
variation. The loss function is based on perc e i v e d
cost/loss incurred from problems with a specific pro d u c t
f e a t u re. The curves are used to identify where cost is sig-
nificant and variation should be reduced. When the
cost/loss curve is compared to the capability curve, the
p robability distribution of the feature ’s value, and the cost
of variation can be determined. 

Cost/Loss Functions
F i g u re 1a shows that the manufacturing variation

does not significantly affect cost. Even when a feature ’s
value is at one of the tails of the capability curve, the cost
of that variation is relatively low. Figure 1b shows that the
variation in this manufacturing process will significantly
a ffect cost. Figure 1c shows that the process is precise but
the mean shift to the right of nominal results in cost. 

These curves can be used to identify where changes
in either design or manufacture need to occur. For exam-
ple in Figure 1b, the design can be made more robust to
flatten the cost or the process can be made more capable
to make the capability curve narro w e r. 

Taguchi methods are useful where the cost of varia-
tion can be calculated or estimated. During the design
stage the cost of variation can be often estimated for the
p roduct characteristics (such as perf o rmance). Although
the capability of achieving the product perf o rm a n c e
characteristics is often not available, the cost/loss curv e s

can be used to set the acceptable variation. In the case of
p a rt features, the variation information may be available
but the cost/loss curve for that variation can be diff i c u l t
to calculate.

Design of Experiments
Often it is necessary to understand the re l a t i o n-

ship between product characteristics and their con-
tributing f e a t u res. One way to develop this under-
standing is to model the interaction (such as injection
molding simulation).

But in the case of complex products, this may not
be possible. There f o re, a more empirical model is needed
to understand the relationships through experimenta-
tion. DOE is used to stru c t u re a testing program to
obtain information about the contribution of single fac-
tors to a perf o rm a n c e / p roduct characteristic. DOE is
used in the area of reactive and proactive robust design.
It is used reactively to discover the source of pro b l e m s
and used proactively to set both the values of design
parameters and process parameters for a robust pro d u c t
and processes. 

Statistical Process Control
SPC is used in the manufacturing environment to

m e a s u re and monitor the variation of critical parame-
ters. It is used to present the current process capability in
a visual format to quickly identify where manufacturing
p rocesses are out of control and/or incapable.

The success of SPC depends on being able to identi-
fy the correct features to monitor. The identification and
c o n t rol of features that don’t contribute significantly to
the product features is not useful and can be expensive.
In addition, a minimal set needs to be identified to eff e c-
tively monitor the features. 

The features to monitor using SPC are identified in
two ways. The first method identifies the features before
p roduction starts. The second identifies the features after
p roduction starts and problems with variation occur. The
identification of features in both cases is done using a

Figure 1.

Three Cost/Loss Functions
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implementation started in the 1980s at some major U.S.
companies to help focus on the important product fea-
t u res for producing quality products. Although the KC
t e rminology and implementation schemes vary between
corporations, the organization-specific methods have
common goals: to identify a small set of critical feature s
for an organization to focus on during design and manu-
f a c t u r i n g .

This section provides overviews of current KC
implementations at several U.S. companies. The author
o b s e rved a variety of organization KC processes — both
what they state as their method and what their actual
practice is. Discussions with implementation teams,
p roduct developers, and review of product development
handbooks formed the basis of the following sections.

KCs have been defined in several diff e rent ways. In
general, the organizations break the KC definitions into
two classes: those associated with the product and those
associated with manufacturing. This article deals only
with those associated with the product. The definition of
a product KC is usually given as those characteristics,
which, when there is significant variation, affect the per-
f o rmance of the product significantly. The following sec-
tions describe the observations by the author of four
d i ff e rent companies’ product KC methods. 

Company A
Company A developed a KC system to identify pro d-

uct features that “need extra control,” to promote team-
work, and to improve communication. KCs are supposed
to help the engineers at company A maintain focus on
the problem areas of the product that re q u i re extra man-
ufacturing process control to keep them in specification.
The methods take a reactive focus to the identification of
KCs for products already in production. The method is
based on the notion that KCs depend on current manu-
facturing capabilities and customer concerns. 

When problems with customer satisfaction are
identified in production, a team investigates and devel-
ops a list of KCs to monitor and improve. When a man-
ufacturing proces s improves and the  pro b l e m
disappears, the feature ’s KC status is removed. When
t h e re is a new problem with a diff e rent perf o rmance or
functional issue, a new KC is realized. The specifications
for new manufacturing equipment are set to achieve the
KCs of the pro d u c t .

The method used to identify the KCs include iden-
tifying or eliminating KCs by analyzing Taguchi quality

variety of methods including integrated product teams
( I P Ts), DOE, VA, and Taguchi loss functions.

Summary
The methods described above are used to develop

the cost of variation (Taguchi), manage variation (SPC),
and predict the effect of variation (DOE and VA). But all
these methods depend on the identification of the corre c t
f e a t u res to monitor and analyze. Ideally, these feature s
should be identified early in the design process. By identi-
fying them early, decisions can be made to either impro v e
the design to make it more robust to the existing varia-
tion or improve the manufacturing process cabability.

The identification of the important features at the
p a rt level is rarely straightforw a rd for complex pro d u c t s .
The variation that affects the customer’s perception of the
p roduct and/or the perf o rmance of the product is often
not assignable to the variation of a single manufacture d
f e a t u re. For example, in the automotive industry, the
steps and gaps between the body panel strongly influence
a customer’s perception of a product. However, it is not
useful for only the gap to be monitored using SPC
because there can be hundreds of product features con-
tributing to the creation of that gap including part shape
dimensions, fixturing features, and assembly and manu-
facturing processes. 

If SPC is applied to the gap alone, it is possible to
track when the gaps become unacceptable but not why
they become unacceptable as the failure cause can re s u l t
f rom any number of sources. It is also not economically
feasible to monitor each possible contributing character-
istic. In addition, unless the relationship between the fea-
t u re variation and the gap is understood, it may not be
possible to track which features are causing the problems. 

Key Characteristics
Manufacturing organizations use KCs to addre s s

the problem of what features are critical to the cus-
t o m e r’s perception of the product and may need moni-
toring to ensure quality. KC or equivalent systems are
being implemented in a large number of org a n i z a t i o n
including: GM, Vought Aircraft Company (a subsidiary of
N o rt h rop Grumman Corporation), Boeing Commerc i a l
A i rc raf t  Group,  Xerox , Ford,  Chry s l e r,  McDonnell
Douglas, and Kodak.

KCs are product features, manufacturing pro c e s s
parameters, and assembly features that significantly
a ffect a pro d u c t ’s perf o rmance, function, and form. KC

The success of SPC
depends on being
able to identify the
c o rrect features to
m o n i t o r. 



17

loss functions (also known as cost/loss functions) of
p roduct features and correlating them with their manu-
facturing capabilities.  This loss function along with
manufacturing SPC data are used to help identify key
p roduct characteristics and key control characteristics. 

The loss function is developed based on perc e i v e d
cost/loss incurred from customer dissatisfaction caused
by variation from nominal of a specific product feature .
H o w e v e r, the analysis is based on a qualitative “feel” for
how the product feature variation will affect the cus-
tomer re q u i rement, not quantitative measure s .

Company B
A supplier of sub-assembly parts and designs for a

prime contractor implemented KCs approximately five
years ago. They have methods to identify KCs in pro d u c t s
in production as well as products in development. 

Company B defines KCs as features that have the
potential for strongly influencing product perf o rm a n c e ,
a s s e m b l y, and cost. In both new and existing pro g r a m s ,
p rocess management t eams (PMTs),  composed of
mechanics headed by a floor superv i s o r, and IPTs, com-
posed of engineers and headed by a program end-item
m a n a g e r, are brought together to help identify key char-
acteristics using internal risk analysis techniques similar
to failure mode and effects analysis (FMEA).

On existing products, features that are believed to
c reate assembly fit problems are selected to be KCs and
a re given extra care and control. Similar to company A’s
a p p roach, KC identification on existing programs is
reactive. KCs are identified as problems arise — and
they continue to monitor those features they consider
high risk after the problems disappear. The selection is
based on qualitative methods and discussions between
the IPT members.

KCs are identified on new products in design using
a proactive process. System-level KCs are identified dur-
ing the design stage and these are translated to the fea-
t u re level KCs. Some of the KCs are used to coord i n a t e
locating and re f e rence points on fixtures. Other KCs are
identified as being critical to satisfying other customer
re q u i rements. 

The proactive process generates a long list of KCs
and there are no quantitative measures used to prioritize
them. They are all marked for measurement and, as a
result, conducting appropriate measurement plans within
reasonable time and cost limits becomes diff i c u l t .

Both the reactive and proactive KC identification

a re qualitative and do not use quantitative data such as
manufacturing capability and costs to identify the KCs.
The reactive mode of KC identification is similar to com-
pany A’s method but is better because they maintain con-
sistent measurements. 

Although they are using a proactive approach in
identifying KCs in the design process, their methods are
i n e ffective, as demonstrated by KC proliferation. Because
of the unreasonable set of KCs identified for measure-
ment, the measurement plans are often not followed. The
sets are unreasonable because there are too many identi-
fied and in many cases the features identified are not
measurable. As a result, in some cases, the org a n i z a t i o n
has re v e rted to the reactive mode of discovering pro b l e m s
in pro d u c t i o n .

Company C
Company C began using KCs as part of a larger ini-

tiative to improve quality through the control of varia-
tion. The KCs are defined by Company C as those pro d u c t
f e a t u res for which controlling variation is a major factor
in improving assembleability, perf o rmance, and re p a i r
re q u i rements.  The implementation was originally
focused on improving the variability of parts from suppli-
ers but it is now being used in house as well. The KC
methods are aimed at improving products before pro d u c-
tion begins — a proactive appro a c h .

During design, KCs and the part features are identi-
fied at the top level. The flowdown is tracked through the
assembly drawings. When perf o rming the flowdown, they
do not identify the mid-level KCs. As a result, it is very dif-
ficult to quantify the effect of variation in a part feature
on a product KC.

KCs are identified using the cost/loss function,
described in the previous section. Similar to the other
companies described, Company C uses a qualitative
“feel” for what is critical. The KCs are used to design the
datum stru c t u re for the parts and tooling. In addition,
m e a s u rement plans have been implemented to track the
p e rf o rmance of  KCs. 

Like company B, company C has had pro b l e m s
with the implementation of a proactive KC methodology.
One major issue is that too many KCs are identified by
the product development teams and it is impossible for
all  of  them to  be monitored  during pro d u c t i o n .
P roliferation was a result of the assumption that every
KC identified needed monitoring. Features that were
c o n s i d e red to be critical by the designer were not at risk



what is happening. In addition, time is lost in reacting to
p roblems rather than preventing them. It would be more
e fficient to identify the high risk areas early, implement
SPC on those features, and begin the manufacturing pro-
cess with a set of goals directly related to improving the
quality of the pro d u c t .

H o w e v e r, in cases where organizations are pro a c-
tively identifying KCs, they are not implementing them
e ff e c t i v e l y. First, there are too many KCs identified by
design for monitoring during the manufacturing pro c e s s .
This both generates cost (monitoring features generates
cost) and also defeats the propose of measurement plans. 

W h e re there are too many KCs, data being taken
a re n ’t used. In other cases, the measurement plans are
never implemented because they are not feasible. In both
cases, the organizations observed tend re v e rt to a re a c t i v e
p rocess of identifying the KCS when problems arise. 

The identification of too many KCs is caused by two
p roblems. First, organizations often don’t flow the KCs
down through the assembly and sub-assembly feature s .
In many cases, the high-level KCs are identified and then
the feature-level KCs are identified and linked back to the
high-level KCs. As a result, it is very difficult to trace what
characteristics are significant and how the variation in
the features will affect the perf o rmance. Secondly, the KC
flowdown is not trimmed using quantitative methods to
assess risk.

Conclusions
The following is a proposed proactive KC pro c e s s .

This five-step process is a combination that is curre n t l y
being implemented at a variety of organizations.  

1 . Identify the high-level/product-level KCs and accept-
able variation. These are often set in the early design
phases. For example, in automotive and airc r a f t
industries, quality, re l i a b i l i t y, and fit re q u i rements are
set to place the new product competitively in the mar-
ket place. In addition to identifying the KCs at the
p roduct level, it is necessary to identify the acceptable
variation in those characteristics. Information about
the latitude a KC has is necessary to identify those KCs
that are at risk of being unacceptable. The bounds of
acceptable variation can be identified using methods
such as Ta g u c h i ’s cost/loss functions.

2 . Flow the KCs down to the feature level. Each cus-
t o m e r-level KC is created by features in the subassem-
blies that make up the final product. In turn, each

given the current manufacturing capability but were still
identified for measurement. This was the result of the
inability to qualitatively measure what KCs were at risk.
As a result, the measurement plans became very cumber-
some. The dispro p o rtionately large number of feature s
identified for measurement defeats the purpose of a mea-
s u rement plan that relies on focusing an org a n i z a t i o n
on a small set of f e a t u res. 

Company D
Company D produces high-volume product where

the exact perf o rmance of the mechanism is critical to the
quality of the final product. The mechanism is complex
and the function is created by a moving assembly of
many parts, each of which has potential for variation. To
e n s u re that their products have consistent quality, com-
pany D expends significant eff o rt to analyze the effects of
variation to identify the KCs of the part. 

The robustness of the product is achieved by a
t h re e - p a rt process. First, the variation in the mechanisms
is modeled using variational analysis. The re l a t i o n s h i p
between dimensional variation and the product perf o r-
mance is also modeled. Using these tools, the re q u i re d
tolerances of the part features are determined. Second,
the tolerances are compared to the current capability for
the manufacture of the parts. Those that don’t match are
c o n s i d e red KCs. Third, if there are conflicts, either designs
a re changed or a more expensive manufacturing pro c e s s
is employed.

This method is very effective in identifying the KCs
of the product: those that are at risk of preventing satis-
faction of customer re q u i rements. Critical to the success
of this method is the application of quantitative methods
to predict potential variation in the manufacturing pro-
cess. In addition, there is a systematic understanding of
what characteristics are important and how to map cur-
rent capability to the functionality of the part .

Summary
T h e re are two major problems in the curre n t

methodologies. The first is that many organizations are
using KCs in a reactive mode. In this case, org a n i z a t i o n s
a re identifying problems with the product in pro d u c t i o n ,
f o rming teams to identify the features that need to be
m e a s u red. The reactive method incurs cost on two levels,
first, the cost of producing low-quality parts and second,
the cost of solving the problem. In this process, it is often
n e c e s s a ry to “reverse engineer” the product to understand
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f e a t u re in the sub-assembly is created by features in
its sub-assemblies. This “flowdown” occurs until the
p a rt features created by the manufacturing pro c e s s e s
a re reached. The hierarchy of a feature is termed the
“KC tree.” Methods such as House of Quality and IPTs
have been used to identify the KC tree. It is naive to
build a measurement plan for SPC and pro c e s s
i m p rovement based solely on the KC flowdown. The
t ree will have too many features to monitor each
e ffectively and not all are necessarily at risk. 

3 . Identify the capability of achieving the feature -
level KCs. A list of those KCs that need to be moni-
t o red should be identified from the complex set
identified in step 2 based on capability and latitude,
given the expected variation of the feature level
dimensions. Ideally, an organization would be able to
p redict the capability of achieving the high-level KCs
based on existing capability of creating the part fea-
t u res. This is not always possible where designs have
changed significantly between generations. Most
understanding of capability exists on the feature
level. Given the feature capability, that inform a t i o n
should be propagated up the KC tree. This can be
done using a variety of methods including VA or DOE. 

4 . Identify what customer re q u i rements are at risk.
Given the understanding of the capability, the cus-
tomer re q u i rements at risk of not being achieved can
be identified. In addition, those KCs that are the sig-
nificant contributors to the high-risk KCs can also be
identified. These KCs that are at risk are term e d
StatKCs. This process is critical to the effective imple-
mentation of KCs. As shown above, it is not feasible to
monitor a large set of KCs. It has also been observ e d
that when IPTs come together to assess the re l a t i v e
i m p o rtance of the KCs, without a quantitative back-
up to support one KC over another, decisions are often
made based on who shouts the loudest.

5 . Implement either design changes to achieve a
robust design or use methods such as SPC to mon-
itor and track the high-risk feature s . If the pro d u c t
cannot  be changed,  the process needs to be
i m p roved. In this case, key process characteristics
can be identified using DOE to highlight where the
p rocess can be impro v e d .

KCs have been identified as a useful process to
focus organizations on the critical features that drive the

success of a product. They have, if implemented pro p e r l y,
potential to help organizations reduce and manage vari-
ation in the product. But critical to the success of this
method is: 1) flowing down the KC through the pro d u c t
levels; 2) systematically understanding the capability and
its effect on the customer re q u i rements; and 3) the ability
to identify the StatKCs.

Anna Thornton joined the faculty at MIT in 1994. In addition to
her work on Key Characteristics, she has researched and written on
design automation, computational tools for product design, and
product benchmarking. She has worked with a variety of compa-
nies including Boeing, GM, Chrysler, Ford, Intel, Kodak, Polaroid,
and Concentra.

Acknowledgments: The author wishes to thank
the following people and organizations for their
continued support: The USAF Wright Laboratory
Manufacturing Technology Directorate, adminis-
tering ARPA Contracts F33615-94-C-4423 and
F33615-94-C-4429, and the MIT Fast and Flexible
Design and Manufacturing Program and Lehigh
University faculty and graduate student team
m e m b e r s .

© 1996 AME®

For information on reprints, contact:
Association for Manufacturing Excellence
380 West Palatine Road, Wheeling, Illinois 60090-5863     847/520-3282

R e f e r e n c e s
Bemowski, Karen, “Motorola’s Fountain of Youth,” Quality Progress , 28 (10)
pp. 29-31, October 1995.

Cunningham, TW , R. Mantripragada, D.J. Lee, A.C. Thornton, and D.E.
Whitney, “Definition, Analysis and Planning of a Flexible Assembly Process,”
submitted for the special session on “Assembly Modeling and Its Application
for Concurrent Engineering,” 1996.

Lee, D.J. and A.C. Thornton, 1996, “Enhanced Key Characteristics
Identification Methodology fro Agile Design,” Agile Manufacturing Forum,
March 1996, Boston, MA.

Lee, D.J., A.C. Thornton, and T. Cunningham, “Key Characteristics for Agile
Product Development and Manufacturing,” Agility Forum 4th Annual
Conference Proceedings, March 7-9, 1995, Bethlehem, PA, pp. 258-268.

Phadke, M S., Quality Engineering Using Robust Design, Prentice-Hall,
Englewood Cliffs, New Jersey, 1989, pp.18-26.

Sweder, Tom 1995, “ Driving for Quality,” Assembly, Volume 38, # 8, p. 28.

Taguchi, G and D. Clausing, “Robust Quality,” Harvard Business Review,
Jan-Feb, 1990, Number 1, Reprint # 90114.


