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erhops Lhe Boest way W con-

sider the future of manufoe

taring & o examing  breoad
industry  trends Among the
Uhemes likely o dominate manu-
fncturing through the first decade
af the 21* century are o continued
emphazia on qualty. concurrent
approaches o everyihing Lespecil-
Iy design, processing. and distribu-
tion ), and globalization (especially
muarkebing, distrbution, and eus-
tomer support ),

A porvazive Tocus on guality has
been the hallmark of our industey
through the 18808 nnd 1990s, and
it will eontinus to he o major dri-
ver. Elements like slatistical
process control (SP( fquaity
function deployment (QFD), design
of experiments (Dokl, “re-ong-
neering of operating processes,
and other gquality improvement
eifortz will continue to become kess
fuddinh, mpdd more o poart of stan-
daed manufacturng processes,

Concurrent product design ad
munufaeturing process develop-
ment will grow and become Lhe
standard for generating new prod-
ucts and prooesses.  New prodocts
will be configured in s ranmer Lhat
& moat "producible” based on
existing or planped manufscluring
processes,  This represents o real

Miniaturization and microfabrication. Automation,
Playing with atoms. And virtual everything.

improvement over Loday's typleal
approach, which involves designing
the prodoct and worrving later
Akl bowr Lo badd it 16 well, oo
ever, regquire dedgn engpnescs o
mave oul of their current combonrt
punes of “leehno-apih,” and lisarn
to effectively recorer and tronsiabe
enduser lcustomer) needs mlo crit-
ieal product cheracteristice. On
thi technology front, design engi-
neers, manufacturing | (process
engineers, and tool desigmers will
all be looking at 31 solid modeks of
the products as they are constract-
g, and conbinuously eonirimiting
to their development. Those
changes will require the apphea-
tion of pewerful, “intelligent” con-
Dpuration management soltwars
Iterative design evolution will also
ineorporate the real-time input of
kev characteristics and associnbed
measurement data from quality
engineers, &0 Ehot rosulting
designs are complete with insppe-
tion and statsticnl process control
(SPC) eriterin,  Managing all of
this will pequire somne expertEe
all of these aress, and more impor-
tantly, strong interdisciplinaey
tenim management skills
Globalization will be a mujor
change agent over the next two
decades. Lod by globalizabion in
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Millennium Challenges

markets and distribution activity,
mainstream manufacturers from
all major industrialized countries
will find themselves drawn into
multinational operations, This will
dramatically affect
management
training and skills
requirements, as
well as the cultur-
al make-up of
multinational
manufacturing
work forces, par-
ticularly in man-
agement and tech-
nical areas. Cul-
tural diversity
training will be
required, enabling managers to be
more effective 1n surmounting the
barriers that commonly arise with
differences in language, cultural
norms, and “virtual” work rela-
tionships. Both techmcal transla-
tion issues (ranging from English
v metric data to machine control

Cultural diversity training will
be required, enabling man
dgers to be more effective in
surmounting the barriers that
commonly arise with differ

ences in language, cultural
norms, and “virtual” work
relationships.

language translators) and work-
place issues (flextime and remote
workers vs the need for real-time
communications for collaborative
problem solving) will have to be
resolved. We can
already see the
first significant
developments in
this area with the
advent of informa-
tion systems that

support “Supply
Chain Manage-
ment” (SCM).
SCM is a term

recently coined to
describe our ex-
tension of visibihi-
tv and strong communication ties
into both upstream suppliers and
downstream customer operations.
Bevond Electronic Data Inter-
change (EDI), supply chain man-
agement involves sharing visibility
of schedules, cost information,
delivery information, design data,



and imveniory svailability in real
time throughout the extended
enterprise koovwn os the sapply
chiain

Today, sites for production operi-
tirrs e mosl often selected based
or such eriteria ms the availability
of akilled labor, necess to distribu-
tion channels, tax breaks, and
other political-seonomie  incen-
tives. Over Uhe nest decaids domes
tig production faciities will shaft
from the Midwest to the Sun Belt
stabes and especinlly to second-hier
cities and large-oity  soburhs.
Examples include Tucson, AZ,
Albuguergue, XM, and Austin. TX.
Inmternationally, fabrication (partic-
wiarly Jow-tech fabricnton opera-
tions metalbonding, . sewing, efc)
will cuscade from  industrialized
countries to less-developed indus-
trinlizing countries such ns this
will allow compamies to take
advantage of lower labor rates,
loser envirenmental repulations,
ond trade offsets. Mamloand China
ond many of the Pacific Rim coun
tries will abzorh this work.

Actunl factory s will bsgin (o
diminish a2 equipment becomes
mare eompact, materinls become
more adaptable to enduse shapes;
ond efficiency improves. and alsa
as large manufpelumers move away
from verticsl Integration, This
represgents  opportunitics  for
growih in compantes thai do cast-
ings and forgings, ceramic produe-
tion, and work i fberglass,
grophite composites, and other
manufactured polymers. Factories
in tho year 2000 will employ balf
the number of a decade earbier
Automation of repetitive and -
ardous lagks along with the out
sourcing of relatively low-volue-
added fabrication operations, will
result i the near-elimination of
direet labor and related suppor for
those aress

More than 80% of all new hires
gvor the next decade will be
wamen and ethnie  misorities,
This will pose challenges for all
employers, manufacturing compes
nies among them, Langunge barn-
ers will he problematic, as increms-
mgly techneal work procedures
wndd product specilications must be
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elfectively communicated through-
out the increpsing diverse work
foree. In sddition, more dunl-
ineome homes will {ranslate into
pressure on cmployers to provide

Factories in the yvear 2000 will
emptoy half the number of a

dacade aarlwr

broader and more flexible benefits,
sach as on-site day care Homan
Resourees, 8 eritical aspect of any
company's operstions, will e
new challenges as a result of two
primary factors. First, the wark
force will not have all the educa-
tion, skills, and training regquared
to operate the increasingly com-
plex manufaeturing and informa
Lion  processing  cquipment
Educationnl levels, both in the US
and 1 mest other industrislized

nntiens, ore woofidly inadequate
and will nob improve quickly
enough to keep poce witl futume
workplace demands.  These short-
apes will be most detibibotiong in
engineering. product and process
research, and compater scienees.
Secondly, the values of tomor
row s workers will be gquite differ-
ant. People entecing the manufac-
turing work force are less cager for
overtime pay and for job stability
at any cost. Thev are more likely
to be interested in free (ime and
personal fuliillment. As o result,
the most Bilented people will be far
Jedz résponsive to the bureaucracy
and regumens mmposed regularly by
many of todoy's monolithe many-
f‘neturil:g companies.  Fhis will
manifest sl 6 the rapd growth
of emporary workers contracted
Tor specilie assignmonts, freelanes
management specinhists nnd tech-
nmical people, and telecommuling
Trom. distant ocalons in job cite-
gories nod requiring  faoo-to-face

Aepe OO0 Toghng & Producen 13




dealings. Flextime and ob aharing
will certainly become a matter of
COMETEE,

Dramatic growth in automation
levels will continue through 2010
Hather Lhan our enrher vigon of on
army of humanoid robols moving
up and dowrn nisles and assembling
manufacturod goods in the plce of
peophe, the robobics applicntions in
factories will build on initial sue-
cosses in redundant operations,
hazardous processcs (such s weld-
ing and spray paintog), and move
mlo sreas reguiring precision and
high lovels of aceurate ropeatabili-
ity isuch as dats entry and mixing
of chemical pompounds) as well as=
arcas where human strength is
madecguate (such a8 the continuous
lifting of heavy loads )  Appli-
cialions of automaton will fallow o
deplovment pattern that diflers
somewhat by industry

Aercspace companies will use
robots for assembly s=ssignment,
hode drilling, and fastoner matalla-
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tion. Combinations of machine
vision and photonics will also
enable automation of operations
currently requiring separate coor-

Themes that will dominate
the manufagturing world
between 2010 and 2030
imciude knowledge based sys
tems development and
deployment. the development

of proguct and service infra-
structures. and the intogra
tion of technplogies into
SEAMIEss’ prOCEsS i ko
ment activilies

dinate measuring  mschines
(CMMz) amd similar dinciees
L'tamntely, combinations of Lhese
technologes will enrry desgn data
directly through to fabrication and
assembly equipment, mcluding

inzpection and process eontrol
data

20102050

Themes that will dominate the
manufmeturing  world  between
2010 and 2090 include knowledge-
based systems development and
doplovment, the development of
product and servies  infrostroc-
tires, o the integration of tech-
nologied into “seamless”  process
development setities

Information Svetoms that moor-
porate the knowledge grined from
thir  experienee  of  recognized
hismnan “experts” a8 mesource data
hapes nnd deceion-support. tools
are known as “knowledge-based
systema.”  Knowledge-based svs
tems will be ased in virtanlly every
mujor business process of manufie
turimg companies. They will deter-
enE L m pn'n.'lutl mnl'q:‘um
tions and availability, enable sup-
ply chain management profesann
als o calculate optirmum Invenlony
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investment levelds and procure-
ment  timing, enoshle finance
departments bo take maximum
sdvantage of lending rates, tox
laws, and other fnancial oppertu-
nities, pasist transportationdistri-
bution professionnls in identifying
the towest-fare carrivrs and shori-
ext-Lime distribution channels, and
allow production depnriments (o
."R‘J'.Il'dll’ll'-_' optimum production fow
rates g0 ks to maximiee direct labor
efMiciency.  These systems will
emirge from the burgeoning toch-
nalogies of expert systems, naturnl
Innguage provessors, telecommini-
cutions, and computers.  Most of
the physical computer nnd svetem
infrastricture  hardware  exists
toedny to produce them, and soft-
wnre tools are very cloge.  The
missing eloment here is primacly
focus on the port of commercial
systim dru‘nfnpru.

Technology integration will be a
eritically differentinting character-
isthe mi Hoos blur betveen materi-
niz sriences wnd mamifacturing
engineering. between sales and
distribution, and botween desipn
ond production.  Cross-training
will enhance the brendth of mdi-
vidunl wexpertise levels. Singls
workstations operated by one or
two individuals may be able to take
the *design” process from concept
through (simulated ! testing, sim-
ulated) marketing, production
process development and schedul-
ing. packaging development, and
distribution  channel  selection,
These new integrated technologies
will significantly reduce risks and
eoals sssociated with new product
development and lounch

Aulomation will continue Lo grow
s pereontage of the value-adding
component  of  menufacturing.
Interchangeable “plug-und-play”
process  component  equipment
should becomwe available n this
period for most standard manifac-
buring processes. assuming that we
haver dealt with interface commu-
nications stundards and protocol
issue, Examples include:

Net-shnpe fabrication eenters
that take raw aluminum and part
destgn dats a3 mputs and yield
completed component parts i out-
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put, and, subsssombly conters that
configure assembly tooling contin
uously and perform the assembly
itsell, based on assembly instrue-
tions, virtaal part placement smu-
Iation that avoids interferonces,
and assure minimal devintion in
every eritical Intorfics.  Linking
thess components threough & mas-
ler process manoagomenl sysiem,

the factory will become & set of
“wirtually" managed physical
processes linked in a network
spunming  each  element  from
design through delivery:

The peried from 3030 through
ithie 3050s in manufacturing will be
tvpilied by the developments of
micrcfubrieation, virtual market-
ing and testing, and biscomputing.



Microfobrieation will be the most
sweping transformation for ma-
ufaeturing since the sdvent of ihe
computer. It will nllow the fabri-
eation of moterinds and parts ot
the molecular lovel, buillding them
with the features we desire
(strengeth, wetght, Mexibility, and
so forthy at ineredible levels of
material efficiency Left behind
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will be the era of excavating ore
from the ground, refining it, and
1:1.-\.'|.ll11¢ it o the foirms we sant
Common materials soch as zand
silica) will require minor modif:-
calion Lo conligure them inlo
exiremely properiy-rich manuofbne
turing materials.  In nature, row
muterinls such a3 iron are and silis
con-nre produced in their relative-

|_'.' carrupl formz when [woar more
resctive chemicals bump inte one
another, rearrangng (o form new
dlementa. But with the advent of
nanmgleck I|l.r|L'!|.."__1r. MICTRACORE
assemblers will graep reactive mol-
ectles and combine them only in
preplanned ond controlled wavs,
Through  these controlled and
repetitive combinatons.  complex
structures may be built op o few
ntoms at a e Molecular eng-
neering will become similar fo
working wikh Tinkertovs,
Maleetilar nssembliors will sdd enr
hon fibers to objecta o fow at o
time, butkding up a piece of dia:
mond-Nber composte. The result-
ingz material, and therefore the
structure produced, will be many
bimes stronger and lphter than
traditional ones. Indeed, they will
be strongier and: lighter than any-
thing we can bulld today

Virtual marketing will move to
the forefront of marketing, sales
and distribution activity. Based on
enormous volumes of information
avaulable through sccessible on
time porvices and datahazes, “virto-
nl" morkets may be sccurately
eealiated without major cost,

The rapadby-spreading use of bio-
computers promises to deliver
staggering computational power
and memory capabilities in this
tima frame  Combined with nan-
otechnology, prodiygious iformas
tion processing *horsepower” will
sy support the now-unwieldy
needs of effective “virtual market-
ng." Some fairly detailed stodses
indicate that microassembliers
eould ultimately construet the pro.
cessing eqiivalent of todny's com
puters in aboul e of the voluime
of & Iypical human call

Location will begin o wane m
importonee o8 microfabrication
brcomes possible, and the capahil-
ity to do * portable manufsctunng”
AL 8. Sinee Mace-to-Tace labor
requirements will be wirtually
eliminated, and “pollution™ or
other environmental fide «Tects
can be effectively abolished, there
shotild be very liitle restnclion iz
to approprintencss of such “facio
Py sites. Automation will be ot the
henrt of most microfabrication
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oporations, since handling mole-
cules and monitoring molecular
construction are not activities for
which humans are well suited. The
s of nunetechnology for produe-
tion of parts thal ore near off com-
plete “net shape™ means Lhal no
offal will exist to bo disposed of,
sincy parts ard constructed a fow
madecules al n Ume. With no waste

of this type (o be |:|.L1.P|.Inl.'\d of, and
with the vastly “cleancr™ nature of
these operations in terma of both
phivsical materal (solvents, label

cants, etc), und nrotse levels, manu

facturing will be a completely dif-
ferent world from the one we know
{odduy. As o result, living noxt door
1o a “factory™ won'l poss the kinds
of probleme i does voday,  Indecd
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aside from the traffle patiern and
docks for raw material delivery and
product shipping. it will differ little
from any other structure In a com-
moreinl nedghborhood Fuctory
aize will beoome i Manction of man-
ufecturing squipment s#e;, which
shotild continually become smnllor
Just as computers did

Trends that are likely (o contanue
to be prevalent after 2050 include
he ndvent and deplovment of
ther nanotechnology operations
namely microassembly, disassem-
aly, replication, and altered replica-
ont, and the return (o space
sploration.  Nanobechmology will
wentunlly supplant traditional
nanufacturing procesees,  replne
ng niot only [abrcation bul aeeem-
aly processes as well.  [Nsassem-
slers may be constructed that
illirw virtually any substance to e
broken down into its molecular
OIponenLs We ahould be able to
dianssemble just about anyihing,
nnd reconstruct it molecule-by-
milecube, replicnting it ovir and
ovir again, even with alterstions.
Monufacturing will most closely
resembie (oduy's pharmaceutical
mdustry, with vats and pipes aned
mixing slurries of chomicals. The
traditional material removal-based
fabrication methods emploved in
moat  Amsrican  manulaciuring
sibes will migrate o bess-developed
pabonz, then disappear entirely
going the wiy of blackamithing and
plaszhlowing

As nanobechnoligy DpsE new vis-
tis of sconomy and power for mon-
ufbcturing, the lure of spoce oxphe:
ratbion will lkely beoome irresistible
ngain.  New industries supporting
Epnos r:.p!urnh-:m will spiring up to
expand carth’s domain withoul
ruimng our existing habvital. This
shoull emshle s v manulactune
substances i space that ean only be
rendily prneratod in grovity-free
environments. [nikianl foruys will be
i industries ke pharmaoeeut s
and  high-tech eloetronics. Sub-
el work will speluds  exotic
allows and ecrameglass materiala
These processes will vield the oriti-
cal, Fowesolnme |1|gl'-rl'|-|l riterimls
reqquired for some futume manmofic.
taring operaians
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