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T hereisagreatneedforanation tohave 
high productivity if it is to maintain a 
high standard of living for its citizens. 

If productivity is low over the short run, a 
nation may lose jobs to more productive 
nations. This is damaging enough in the 
short period, but the greater problem oc- 
curs when productivity remains low for a 
lone period. Over time, citizens will find 
new employment, but the jobs will require 
lower skills and nrovide lower comuensa- 
tion than jobs found in more productive 
nations. Withaslowergenerationofwealth 
as compared with more productive coun- 
tries, the low nroductivitv. low waee na- 
tion kll provides lower standard ofliving 
for its citizens. National security and the 
nation's position of influence worldwide 
will deteriorate. Experience suggests that 
crimewillinuease, healthcarewillbecome 
inferior, and the population will become 
dissatisfied. Indeed, over the long run, a 
nation'smanufacturingproductivity influ- 
ences nearly every aspect of society. With- 
out the wealth generated by manufactur- 
ing, we will lack the ability to pay for 
defense, education, health, or other soda1 
programs. 

Can America Compete? 
It is often argued that American manu- 

facturing, once the pride of the world, is in 
decline. The loss of employment in the 
manufacturingsectoriscited as evidenceof 
our inability to compete. Politicians blame 
businessmen for not investing in future 
productivity,whilebusinessmenblamethe 
government forfailingtoeducate thepopu- 
lace. There may be some truth to both of 
these arwments: our rate of investment is 
inferiorto many other manufacturing na- 
tions and our educational svstem has dete- 
rio~atedmarkedl~ inrecen<decades.~one- 
theless, the problem is not lack of 
productivity. 

Figure 1 shows the employment, con- 
sumption,andproductivity of theU.S. steel 
industry during the 1980s. Although em- 
ployment has decreased by half, this is not 
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evidence of inability to compete. To the 
contrary,productivityin this"mature"and 
much-maligned industry has doubled dur- 
ing the past decade. The problem is that 
consumption has remained flat. You don't 
need a graduate degree in economics to 
realize that doubling productivity while 
maintaining stagnant consumption will 
result in a halvingof employment.Theloss 
of employment in the manufacturing sec- 
tor of the economy is due to the fact that 
productivity is increasing faster than con- 
sumption. 

"To live well, 
anafionmustproduce well. " 
Ã‘DeitouzosandLester 1989 

During the decade of the 1970s many 
U.S. industries, such as steel and automo- 
biles, were somewhat stagnant in produc- 
tivity improvements as compared with 
other nations. They lost market share to 
imports, but during the 1980s many of these 
industries corrected their problems. To- 
day, many of these American companies 
areregainingmarketshare, in part, through 
major gains in manufacturing productiv- 
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iv"'America is...one of the industrial 
world's cheapest producers of many 
goods .... Eveninmanufacturing,America's 
output per man-hour (is) roughly the same 
as Japan's; it (is) 50% 'higher than 
Germany's." (The Economist, 1992) 

Yet, the politicians and the unions still 
blame the businessmen for the loss of jobs 
in the manufacturing sector. One is' re- 
minded of the quote by Huxley: "The great 
tragedy of science is the slaying of a beau- 
tiful hypothesis by an ugly fact." 

While some people hypothesize that 
American businessmen are incompetent, 
the facts show that a major revolution is 
occurring in U.S. manufacturing. There is 
no productivity crisis in U.S. manufactur- 

ing today. There is a major restructuring of 
employmentin theworld. Increasingly, the 
best companies employ people for their 
brains-not fortheir muscle. Muscle-inten- 
sive jobs are being automated, with a sub- 
sequent improvement in the working envi- 
ronment of the laborer. The tasks of 
manufacturing are changing. Current em- 
ployees need retraining if they are to re- 
mainemnlovable in this new environment. 
~urrent~tudentsinvocationalschools,co~- 
leees, and universities need to beeducated 
differently. One can no longer learn a skill 
which will be useful for a 30- to 40-year 
career. The lifetime of skill-based training 
has shrunk to ten yean or less. As a result, 
the w o r k e r ~ h o s & ~ s  learningafter formal 
schooling becomes obsolete within a de- 
cade or Go.  While lifelong education and 
continuous learning were once a means to 
improve one's employment over time, to- 
day they are required to maintain one's 

what to learn. No one can predict with 
certainty what skill will be required in the 
future, or as Niels Bohr once said, 'Tredic- 
tionisvery difficu1t;especiaUy if itconcerns 
the future!' 

Recent Manufacturing Paradigms 
The revolution occurring in the best 

American manufacturing companies has 
spawned a number of new phrases and 
acronyms~suchasTQM,JIT,SPC,six-sigma 
quality, continuous improvement, concur- 
rent enzineerine, and the like (the auo- 
nyms stand f~r,-&.~ectivel~, total quality 
manaeement,iust-in-timedelive~,andsta- 
tistica process control). ~ o ~ e t h e r ,  these 
make a confusine arrav of "best nractices" 
whichoften seemcontradictory or arecon- 
sidered fads sponsored by zealots. Experi- 
ence shows that no one of these is a "magic 
bullet" that will correct all manufactunne 
woes, but each has some usefulness when 
considered with respect to the whole sys- 
tem. The fact and fiction of several of these 
are examined below, 

Quality Doesn't Cost-It Pays 
This is a popular phrase for which there 

are numerous anecdotal examples show- 
ingsignificantcostsavings when themanu- 
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facturer pays more attention to quality. 
Belief that improved quality will improve 
profitability has caused companies like 
Motorola toembarkon"six-sigma" quality 
programs. 

Motorola,Inc.,oneof thefirstwinnersof 
the Malcolm Baldrige National Quality 
Award, is generally credited with champi- 
oningsix-sigmaquality. Theterm six-sigma 
represents the fraction of parts which lie 
beyond six standard deviations from the 
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m&nofa Gaussiandistributionofaquality 
metric. Six-sigma is equivalent to no more 
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than 3.4 partsper d o n  defective parts. 
It is dear that if one has a product yield 

of 80 percent (see Table I), improvements 
in quality to 99 percent or better will be 
eouivalent to a 25 oercent imnrovement in 
productivecapacity without spendingany 
monevfornew snaceor for manufacturine 
equipment. In addition, there are multi- 
plier cost-savingeffects,asscrapand waste 
are reduced, or as one eliminates the need 
for inspection when the six-sigma quality 
level (99.9997 percent good parts) is 
achieved (Pfahl, 1992). Nonetheless, if one 
is already at six-sigma, then the costs of 
further improving the quality willnot nec- 
essarilybereturned by improved capacity. 
The question of whether quality costs or 
pays is relative to what level of quality is 
being achieved. It almost always pays to 
improve a low-yield process, while a very 
high yield process may cost more to im- 
prove than can be regained. 

In addition, as one approaches five- 
sigma or six-sigma quality, our irnprove- 

Table 1 Typical Ranges of Product Yield In 
Various Industries 

Semiconductors 5-95% 
Composites 10-80% 
Fine ceramics &75% 
Steel 7045% 
Concrete 95+% 

ment methodologies (TQM, SPC, design of 
experiments and the like) tend to fail us. 
When there are fewer than ten bad parts 
per million, it is often too difficult to get 
data on the few bad parts in order to dis- 
cover the cause of the problem. Even more 
often,thefewbadpartsoften havemultiple 
causes and hence are difficult to define and 
correct. Asa result,many quality improve- 
ment programs tend to stall at the five or 
six-sigma level. 

It is also useful to consider the absolute 
value of the product and the consequences 
of failure when determinine what level of 
quality is required. d or example, although 
six-siema is often considered a eood oual- 
ity t&et for general manufa&&ing,one 
may only requirethree-sigmaquality when 
manufacturingconcreteblocks,whilenine- 
sigma may be required if one is fabricating 
Hubble telescopes. 

Build Quality InÃ‘Don' Inspect It In 
This is a correct principle of modem 

manufacturing. Building the quality into 
the manufacturing process reduces both 
the amount of scrap as well as the time for 
feedingbackinformation thattheprocessis 
producing bad parts. Building the quality 
into theprocessrequiresa new focus forthe 
quality control engineer on the process 
rather than the product. This will be dis- 
cussed in more detail subsequently. 

Zero Defects 
Severalmanufacturingconsultantshave 

made a career of calling for zero defects 
while some technical people have a philo- 
sophical aversion to the concept. These 
opponents liken zero defects to zero pollu- 
tion, and argue that it is unattainable. (Al- 
though there may not be a fundamental 
reason why zerodefectsisunattainable, the 
Second Law of Thermodynamics does in- 
dicate that zero pollution is impossible.) 

Even if it is unattainable, zero defects is 
a worthy goal since any other goal implies 
a level of complacency inconsistent with 
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the concept of continuous improvement. 
Forexample,inthe1970s there wasaruleof 
thumb intheprintedcircuitboard industry 
that four percent of the boards would re- 
quire repair. History has proven that this 
was a self-fulfilling prophecy. The indus- 
trial engineers designed the reworkarea of 
printed circuit board shops to accommo- 
date four percent repair, while the process 
engineers improved the process until the 
rework area was capable of handling the 
number of boards that needed repair, and 
then the process engineers went on to an- 
otherpartof thefactory (Pfahl,1992).There 
was no incentive to reduce the repair rate 
below four percent until one enterprising 
manager declared that rework would not 
be allowed. This required that the engi- 
neers improve the process toward zero 
defects. Once the goal was raised, the qual- 
ity improved steadily. 

The goals of zero defects and six-sigma 
quality are essentially the same. Six-sigma 
may be more palatable to the theorist who 
believes that perfection is unattainable; 
nonetheless, the principleis clear. A lackof 
tolerance for defects will drive the number 
of defective parts to ever lower values. 

Just-ln-IIme Delivery 
Some people claim that just-in-time de- 

Old Paradigm 

1 n p u t s ~  Process 

I - Fitness for Standard - Fitness for Use 
- Incoming Inspection - Outgoing Inspection 

Figure .?-me traditional paradigm for quality control of a manufacturing process. 

cost of inventory to the suppliers. Both 
views are too simplistic. While true reduc- 

livery uIT), with the subsequent savings in 
inventory COSTS, is the key to Toyota's suc- 
cess as a low cost producer of automobiles, 
whileothersargue that JITmerely shifts the 

standard. After the process was complete, 
inspectorschecked thefunctionoftheorod- 

tionsininventory.will reducecosts, the real 
meaning of JTTlies in the fact that manufac- 
turing problems can no longer be hidden 
by excess inventory. If there is no extra 
inventoryandamanufactufigprocessgoes 
awry, then production engineers cannot 
ignore the problem. It must be solved. It 
cannot be postponed by using up an inven- 
tory of good parts. As a result, ]IT places 
more pressure on the production staff to 
solve problems immediatelv. This reduces ~ ~ ~~~ 

wasteand improves quality. In compari- 
son, the reduced cost of inventory is a sec- 
ondary benefit of JIT. 

The Changing Role 
of The Quality Control Enalneer 

Figure 2 represents the old paradigm of 
manufacturing. A process contained in- 
putsandoutputs.Theinputswereinspected 
prior to use to ensure conformance to a 

uctand scrapped or repaired any defective 
parts. 

In the new, evolving, paradigm, the in- 
put materials are received from a 
prequalified supplier, hence, no incoming 
inspection is necessary (see Figure 3). The 
processisnolonger asimple blackbox. It is 
theheartofthequality engineer'sjob.Rather 
thaninspect the finished product, thequal- 
ity engineer must sense the process, feed 
sensed data into a process model, and de- 
velop a control methodology that can 
modify the process to produce acceptable 
parts. If thissequenceof sensing,modeling, 
and controlling is working properly, there 
is no need for outgoing inspection, and 
scrap and repair are minimized. A process 
running at this level not only can be modi- 
fied tomeet theexplicitrequirementsofthe 
customer, but can be adapted to meet the 

latentrequirementsforwhichthecustomer 
does not yet know there is a desire. hi 
addition, the reduction of waste makes the 
process environmentally sound. 

The modem quality engineer measures 
the process, not the product, 

The New Challenges 
Althoughqualityengineershavealways 

been in the business of measurement, the 
types of measurements which are needed 
are changing and it is necessary to make a 
science of this new work. 

As Lord Kelvin said: 
"1 often say that when you can measure 

what youarespeakingaboutandexpressit 
in numbers, know something about it; 
butwhenyoucannotexpressitinnumbers, 
your knowledge is of a meager and unsat- 
isfactory kind; it may be the beginning of 
knowledge, but you havescarcely, in your 
thoughts, advanced to the stage of science, 
whatever the matter mav be." 

Thequality engineer must put numbers 
onboththeprocessand theproduct.Unfor- 
tunately,mktpeopletend tomeasurewhat 
they can measure most easily-not what 
needs tobe measured. Traditionally, mate- 
rials were sold based upon size, thickness, 
weight, density, or the like. These required 
measurementoflength,width,weight,and 
volume. Today, materials are sold based 
upon structure and properties as well as 
form and size. These new features require 
measurement of internal geometry, pro- 
cessing conditions, or specific properties. 
Sensors are not necessarily available for 
these purposes. It is up to the quality engi- 
neer to develop new sensing technologies. 

Inaddition,muchofourmaterialsmanu- 
f a c t k g  in the past was batch-processed. 
Today's higher productivity requires that 
continuousflowprocessingdominatemany 
industries. This requires "measurements 
on the move,"as materialswill no longersit 
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Figure 3-An evolving paradigm for control of product quulity through improved process 
sensing and control. - 
still in order to be inspected. With increas- technology, whichmay make it possible to 
ingvalueaddedperpart,therateofsensing have many low-cost sensors distributed 
must increase both spatially and tempo- over a wide area. 
rally, while maintaining ever tighter envi- All of this will require quality engineers 
ronmental restrictions. A potential soh- to work closely with people in other disa- 
tion to these challenges lies in microsensor phes ,  such as materials engineers, design- 

ers, industrial engineers, physicists, chem- 
ists,and thelike.lt willbenecessary tohave 
access to the processing equipment in full 
scale production. This will require new 
partnershipsand new methods of coopera- 
tion. 

Summary 
Theunited States remains themost pro- 

ductivemanufacturingnationonearth,but 
in order to maintain this distinction and to 
maintain o w  standard of living we must: 
I Have a better educated workforce. 
I Focus on process improvement as well 
as product quality. 
I Requirethatpersonsperforminghpec- 
tion will make measurements during the 
processingoperation-withgreaterspatial 
and temporal resolution-as well as per- 
formmoredirectmeasurementsof thestruc- 
ture and properties of the material. 

It is a meat challenge, and one which 
must involve the quality engineer as a key 
player in the manufacturing system. 
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