@n: Chapter 9
@t : Recent Trends in Nanotechnol ogy

@q: Nanot echnol ogy wi Il nake us healthy and wealthy. . . . In a
few decades this enmergi ng manufacturing technology will |et us
i nexpensively arrange atons and nol ecul es in nost of the ways
permtted by physical law It will let us make superconputers

that fit on the head of a pin and fleets of nedical nanorobots
smal l er than a human cell able to elimnate cancer, infections,

cl ogged arteries, and even old age. People will |ook back on this
era with the sane feelings we have toward nedi eval tinmes—when
technol ogy was primtive and al nost everyone lived in poverty and
di ed young.

@ga: —Ral ph Merkl e, Principal Fellow, Zyvex

@cs:Wac: hile sone of the earlier chapters have di scussed forner
br eakt hrough technol ogi es, this chapter presents a perspective on
a new breakt hrough technol ogy, <I>nanotechnol ogy, <l > which will

di srupt and enhance the business world in the years to cone. The
ability to mani pul ate individual nolecules and atons will create
count |l ess product and process opportunities in the

m croel ectroni c and bi otechnol ogi cal fields. Nanotechnol ogy wll
hel p create smaller, stronger, and nore precise products, as well
as nore effective delivery systens. It will radically affect

i ndustries in both the near and long term

@: The nineteenth century saw an industrial revolution |ed by an
array of inventions. Each creation addressed the shortcom ngs of
its predecessor, fulfilled an unnmet need, or devel oped an
entirely new sol ution. The key contributor to this revolution was
technol ogi cal innovation. The conversion of energy—from heat to
steam t o novenent —spawned many applications, such as the spinning
jenny, the steamtrain, and the conmbustion engi ne. The
appl i cation of that breakthrough becane the driving force for

i mprovenents in existing infrastructure and the creation of new
domai ns. Wth rapid progress, however, the devel opment curve
eventual ly reached a plateau, and only margi nal inprovenents
coul d be achieved for mechani cal devi ces.
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Then anot her technol ogi cal innovation appeared. The ability
to store and to conmunicate i nformati on and know edge
electronically with bits and bytes led to the information-
technol ogy revolution of the twentieth century. The era redefined
our working paraneters for distance and tim ng, as denonstrated
with applications like the Internet. A by-product of the
under | yi ng technol ogy was the incredible growmth of intellectua
capital. Al though information technol ogy continues to advance,
and the industry pushes forward at a rapid rate, the increnental
benefits fromit will eventually decrease. As in the past, we
will reach a plateau on the devel opment curve of inprovenents to
our existing technology and infrastructure. The information-
technol ogy age will eventually be displaced.

A new nodel that fuses the breakthroughs fromthe two
precedi ng revolutions will acconplish just that displacenent.
Nanot echnol ogy wi Il apply know edge and information to the
transformati on of material or energy. Previous advances focused
on using materials to produce energy, which then transported
know edge and informati on—this is a reactive approach. In the
future, we will use our know edge of nolecular structure and
energy to produce new nmaterials in a specific and desired state—a
truly proactive approach.

@1l: Setting the Stage

@2: Techni cal Background

@5: Nanot echnol ogy desi gns and manuf actures devices from atons. By
definition, devices with nmininmmfeature sizes of 1,000
nanoneters (one mcron) or |ess are considered products of

nanot echnol ogy, al though rmuch of the work focuses on feature
sizes smaller than 100nm The field of nanotechnol ogy enconpasses
many di sci plines, such as conputer science, physics, chenistry,
and biology. Its aimis to nanipul ate individual nolecul es and
atonms. Achieving this goal has been a nmgjor hurdle, and it has
produced substantial skepticismabout the feasibility of

nanot echnol ogy. Recent theoretical and | aboratory progress,
however, has been extrenely encouragi ng. There is now
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consi der abl e evidence that individual nolecules and atons can be
mani pul ated to build systens at the mcroscopic scale.

@n: Ral ph Merkle, a pioneer in the field, noted that objects take
on particular characteristics depending on howtheir atons are
arranged. By rearranging the atons in coal, we can nake di anonds.
By rearranging the atons in sand and a few other trace el enents,
we can nake conputer chips. By rearranging the atons in dirt,
water, and air, we can nake grass. Quoting the Wb site for Zyvex
Inc., where Ral ph Merkle is a Principal Fellow

@: Today’ s manufacturing nmethods are very crude at the nol ecul ar

| evel . Casting, grinding, mlling, and even lithography nove
atonms in great, thundering, statistical herds. It’s like trying
to nake things out of LEGO bl ocks with boxing gloves on your
hands. You can push the LEGO bl ocks into great heaps and pile
them up, but you can’t really snap themtogether. In the future
nanot echnol ogy will let us take off the boxing gloves. W Il be
abl e to snap together the fundamental building bl ocks of nature
easily, inexpensively, and in al nost any arrangenent that we

desire. This will . . . let us fabricate an entire new generation
of products that are cleaner, stronger, lighter, and nore
preci se.

@: Two of the nost inportant enablers for w despread use and
devel opnment of nanot echnol ogy are:

~ { comment: Should be numbered st.

@l 1. The ability to position essentially every atomin the
right place.
@l fi: 2. The ability to keep manufacturing costs from

greatly exceeding the costs of required raw materials and energy.
@: For the first ability, technol ogists are working on
nanomachi nes with preci se positioning and assenbly capability at
the nol ecular level. This would allow us to arrange atons and

nol ecul es as desired, much |ike LEGO bl ocks. For the second
ability, the consensus is that if trillions of nanonachines are
needed to make things on a scale useful to us, the cost will be
prohi bitive unless the devices can self-replicate. Wen these two
chal | enges are overcone, the possibilities will multiply.
@2: Ti m ng
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@: Al though it may not be commonly known, nanotechnol ogy has been
around for nany years. During the 1940s, von Neunann di scussed
the possibility of self-replicating manufacturing systens that
woul d | ower costs. These systens would be able to both
manuf act ure useful products and replicate thenselves. |In 1959,
the transcript of a speech by Richard Feynman called “There Is
Pl enty of Roomat the Bottoni provided the first witten
description of the subject. In this speech, Feynman stated: “The
principles of physics, as far as | can see, do not speak agai nst
the possibility of maneuvering things atomby atom W need to
apply at the nol ecul ar scale the concept that has denobnstrated
its effectiveness at the macroscopic scal e: making parts go where
we want by putting them where we want!”

Despite the insights of these inspiring pathfinders, no
tangi bl e results or advancenents appeared until the 1990s. The
| ate devel opnent reflected a series of barriers that prevented
maj or progress or made the need for such progress | ess urgent.
The barriers included the absence of tools to operate and
mani pul ate at the nanoscale, as well as a general |ack of
know edge in this area. Sufficient roomto optimze existing
technol ogy was anot her inportant barrier, since the need for new
tool s was not pressing. The mcroprocessor industry exenplifies
the situation. The ever-evolving mniaturization process of
nm croprocessors seenmed to have reached an end every six nonths;
however, only a few nonths after the roadbl ock had been
identified, there would be new i nprovenents usi ng updated
techni ques, tools, and net hodol ogy. Thus, the increnenta
advances circumvented the need for progress in nanotechnol ogy
because there was no sense of urgency for it.

Nevert hel ess, the paradi gm has begun to change since the
| ate 1990s. The ultimate roadbl ock m ght well be on the i mmediate
hori zon and, consequently, a | ook outside the box and into
radi cally new techniques will be necessary. The tools and the
budget to explore these new real ns have now becone avail abl e,
hel ping to speed devel opnents. Nanot echnol ogy will be nmuch nore
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than an increnental inprovenent; it will be a deep structura

i nprovenent, allow ng for far-reaching devel opnents.

@2: Enabl i ng Technol ogi es

@: The devel opnent of additional enabling technol ogies wll
further aid nanotechnology and will result in the energence of a
cluster of related activities. Following are a fewinitial

devel opnments that will conplenment the value addition of

nanot echnol ogy i n business applications:

@l <l >Nanoscal e m croscopes<|>. Further inprovenent in
observation techniques will provide an inpetus for nanotechnol ogy
resear ch.

@l 2i : . <l >M cromani pul ati on techni ques<l>. Tools and aids
to mani pul ate objects at the nanotechnol ogy level will be
necessary—+nitial work has begun on exponential assenbly, which

i nvol ves using miniature robotic assenbly units to help create
nanot echnol ogy manufacturing architectures.

. <l >Nanoassenbl ers<l >. The assenbl er of nanol eve
products to achi eve nol ecul ar manufacturing will be devel oped
(the current definition of an <l >assenbl er<l> envi sages the
construction and synthesis of an unprecedented array of desirable

materials).

@l fi: . <I >Conput ati onal nanot echnol ogy<l>. Sinul ation
techniques will expedite the devel opnent of this new technol ogy,
and conput ati onal nanotechnol ogy will be to nanotechnol ogy what

bioinformatics is to the human genone sequence.

@: This limted list of enabling advances in rel ated

technol ogies will be conmplenentary to the devel opnent of

nanot echnol ogy. Numerous enabling devel opnments will be necessary
for nanotechnol ogy applications in specific industries.

@1: Franewor ks and Anal ysi s

@q: The past may not repeat itself, but it sure does rhyne.
@qa: —Mark Twai n

@: Thi s section addresses why nanot echnol ogy will have a
tremendous inpact on industries, how large this inpact will be,
which industries will be affected, what the opportunities are,
what the inplications of this technology are, and how firns can
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position thenselves to | everage advances in nanotechnol ogy. W do
not have to be caught unawares by the proliferation of technol ogy
in general, and by nanotechnol ogy in particular. In |ooking
ahead, we have the benefit of the | essons of hindsight. Review ng
the historical inmpact of prior technologi cal advances can hel p us
evaluate the future effects of this new and revol utionary

t echnol ogy.

We first present a prelimnary industryw de approach to the
consequences of nanotechnol ogy and identify the areas in which
val ue creation will occur. Next three theoretical nodels are used
to analyze firmspecific issues. Finally, all the issues are
i ncorporated into a single practical franmework that shows how
firns can best |everage nanot echnol ogy.

@3s: The Evol ving Val ue Chain. @3:|en] This section addresses the
anbi guity that encompasses nanot echnol ogy. Nat han Rosenberg’s
framework ai ds in understandi ng the uncertainty that acconpanies
technol ogi cal progress. This approach helps to identify the
sources of anbiguity, which are also the sources of the val ue
creation that will occur as a consequence of the new technol ogy.
@3s: Five Ambiguities. @3:|em A conmon feature of technol ogica
progress is that it is “characterized by a high degree of
uncertainty,” according to Rosenberg. He presents five di nensions
of uncertainty that surround the energence of new and inportant

t echnol ogi cal innovations. Al though this approach provides

val uabl e insights, there are a few caveats. First, Rosenberg’s
anal ysis is best interpreted within the context of an entire
industry. It is not inmediately or easily transferable to a firm
specific situation. Second, the franework is easy to apply in
retrospect but conplex to use in forecasting industry evol ution
(see Figure 9.1):

[[Au: Please edit figure cites as wanted.]]

@l s: 1. @l :<I>Prinitive technol ogica
capabilities.<l>| en| The newborn technology is not a fully forned
animal . What it will growup to be is often anbiguous; it is
unclear, at its birth, what the inplications of the technol ogy
will be and where they will manifest thenselves. ENIAC, the first
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computer ever built, was scarcely an indication of the PC
revolution that followed. Simlarly, it is difficult to forecast
a full host of capabilities of nanotechnology. A few that we can
anticipate today are applications that manipul ate atons, drug-
delivery systemnms, and nanophot ol it hography.

@l s: 2. @l 2i : <I >Conpl enentary searches. <l > en| The birth
of a technol ogy gives rise to searches for conplementary and/or
enabling technol ogi es that broaden the initial inpact of the core
technol ogy. Fiber-optic technol ogy was nade possible by the

i nvention of cables that could carry light pul ses, although the

| aser had been invented many years before. The search for fiber-
optic cable was a conplementary search. Simlarly, using

nanot echnol ogy in the sem conductor industry may not be possible
until the enabling photolithographic tools are invented.

@l s: 3. @l 2i :<I>Clusters.<I>en|Oten an entire system of
compl enentary inventions follows fromthe core technol ogy, just
as the tel ephone, the facsimle, and the Internet were created
around basi c tel ephone cable. It appears that nanotechnol ogy will
pronpt the fornmation of clusters in at |east two nmjor

i ndustries: biotechnol ogy and m croel ectronics.

@l s: 4. @l 2i : <I >Speci fic probl ens/w der
application. <l > en| Not uncomonly, the invention is nade for a
parti cul ar purpose and devel oped in a particular context, but
sonet hing cones along that allows for its use in a different
context. The steamengine is a classic exanple. By definition, it
is inpossible to accurately predict w der applications of
progress in nanotechnol ogy. Some of the nore renote applications
introduced later in the chapter may be exanpl es.

@l s: 5. @l fi:<l>Evaluating real needs of
customers.<l>|en|Finally, it is inpossible to ignore customner
preferences in dictating the proliferation of new technol ogi es.
Even though, in a technol ogi cal sense, the Concorde was a
success, its tremendous economc failure illustrates how
essential it is to have a connection between what is
technol ogi cal ly feasible and what custoners desire. Exanples of
customer needs that drive the science of nanotechnol ogy are
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faster, smaller, and cheaper conputers in the mcroel ectronics

i ndustry or inproved drug-delivery systens in the biotechnol ogy

i ndustry.

@: The evol ution of nanotechnology will progress through the
precedi ng ambi guities. Rosenberg’ s analysis allows us to arm
ourselves with knowl edge of the sources of both uncertainty and
val ue creation, and it is in this revelation that his analysis
has nost val ue.

@2: Model s of Innovation

@ 3s: Phases of Innovation. @3:]|en According to James Utterback,
there are two forns of innovation: process and product (a concept
also attributed to WIIliam Abernathy). He nmaps each of these as

t hree phases of industry evolution: fluid, transitional, and
specific (Figure 9.2). The nodel is straightforward: Product

i nnovation is characterized by major product devel opnent; process
i nnovation is characterized by increnental devel opnent in process
capabilities. The fluid phase occurs in the early stages of an

i ndustry’s devel opment. The rate of product change is rapid, high
technical uncertainty prevails, and conpetition is generally
fierce. The specific phase is characterized by industry
consolidation and a shift of focus to process innovation as price
competition becones the primary basis for rivalry. The
transitional phase, as the nane inplies, is the internediary
stage between the fluid and the specific. Industries follow a
predictable pattern of evolution fromthe first stage to the

| ast .

@: Uterback’s nodel provides a framework to nap the inpact
nanot echnol ogy will have on different industries and specifically
which industries will first receive potentially disruptive
threats fromthis new technol ogy. In addition, nanotechnol ogy is
nei ther a product innovation, nor a process innovation. It is

bot h.

@3s: Firm Capabi lities. @3:| en|f The Henderson-C ark nodel presents
an expl anation for why sonme firns can | everage innovati ons,

wher eas ot hers cannot. The essence of their argunent involves

di stingui shing between two ki nds of know edge: conponent
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know edge and | i nkage know edge. The fornmer describes the
informati on a conpany may possess in a particular product area;
the latter describes the conpany’s know edge base relating to its
product. It shows how the product interacts with other products,
as well as the synergies that can be created.

@: Dfferent innovations hold different inplications depending
on the type of know edge a firm possesses. For exanple, a firm
that is weak in the |inkage know edge sphere will be at a

di sadvant age when it cones to benefiting froman increnental
process innovation. This framework is particularly relevant to
the puzzle of why incunbent firms face so much difficulty in
dealing with m nute changes in existing technol ogi es.

The Henderson-Cd ark nmodel can be used to outline the capabilities
an individual firmnust assenble to | everage nanotechnol ogy (see
Figure 9.3).

3@3s: Di sruptive Technol ogi es. @3: | en] Bower and Chri stensen

devel oped a framework for grappling with disruptive technol ogi es.
They claimthat some of the deliberate strategic choices firms
make, such as staying close to custoners, are the root causes for
failure in enbracing technol ogi cal innovations. The Bower -

Chri stensen approach can be sinplified into four fundanenta
questions. W will pose the questions and, to explain them

simul taneously illustrate how nanotechnology will affect the
phot ol i t hogr aphi c- equi prent nmanuf acturing industry:
@l s: 1. @l :<l>'s the technol ogy disruptive or

sustai ni ng?<l >| en| The first step is to determ ne that the
technol ogy is indeed disruptive to the firm s existing business.
Nanot echnol ogy will be disruptive to manufacturers of

phot ol i t hographi ¢ equi prent, who will have to migrate to
manuf act uri ng nanol i t hographi c equi pnent that is capable of
produci ng structures smaller than 100nm

@l s: 2. @l 2i:<I>What is its strategic

si gni fi cance?<l >| en| Why shoul d a photolithographi c-equi pnment
manuf acturer react? The answer to this question lies in the value
creation to the end user. Since nanolithography will result in

i mproved speed and accuracy of buil ding nanol evel structures, it
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will eventually result in significantly nore powerfu

nm croprocessors. There is clear evidence of value creation from
the i nproved process.

@l s: 3. @l 2i:<I>What is the initial narket?<l>|en|How can
t he photolithographic-equi pnrent nanufacturer capture the value it
creates? Since the technol ogy creates val ue for conputer users,
chi p manufacturers would pay for the inproved tools. The initial
mar ket woul d be | arge chip nmanufacturers

@l s: 4, @l 2i : <I >What can the conpany do?<l>|en| The firm
shoul d create an independent organization to devel op the

t echnol ogy. Bower-Chri stensen woul d advi se the photolithographic-
equi prrent manufacturer to create a separate division to build and
sell nanolithographic equi pnent.

@1l: A Practical Roadnap

@: Some of the frameworks and anal ytical tools just described
apply to industries at large, and others can be applied to firns.
How does a firm make the right decisions if it believes

nanot echnol ogy wi |l have an inpact on the industry in which it
operates? How does it apply the franeworks specifically to nake
strategi c decisions? The following interpretations of the nodels
in the context of nanotechnol ogy offer a road map to the
corporate reader for navigating through this strange new

t echnol ogy.

@2: Extent of Disruption

@: The adopti on of new technol ogies is usually characterized by
an S-curve, as was described in Chapter 3 [[Au: As neant?]].

This S-curve describes the life cycle of a firmthat is creating
or marketing a new technol ogy. The begi nning of the curve
represents the “ferment” stage when no one really understands
what is happening. It is characterized by the appearance of an
enor nous nunber of new busi ness nodel s or approaches. Eventually,
when a conpany finds out what works, the era of inplenentation
starts. This is called the golden era, in which the conpany
experiences significant growh. Maturity—the top of the curve—+s
attai ned when the conpany is strong and very good at what it
does. At this point, should technol ogy change again, the conpany
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m ght be in trouble. Different kinds of people and skills are
needed at different stages of technology life cycles, making it
difficult for an established firmto nove fromone generation of
technol ogy to anot her.

Nanot echnol ogy is in the fernent stage, or the early phase
of the S-curve. It is therefore likely that strong incunbents
ei ther have never heard of nanotechnol ogy or do not possess the
right skills (or do not want to use the necessary resources) to
start investigating the inpact of this new technology on their
busi nesses. As anal yzed in previous sections, nanotechnol ogy wll
be a disruptive technology: it will affect existing business
processes and create new ones. To the extent that incunmbents fai
to prepare for the takeoff of nanotechnol ogy, the disruptive
effect will be exponential.

Knowi ng the sources of conpetitive advantage, or core
competenci es (branding, sales force, IT, etc.), is a critica
first step in the managenent of a disruptive technol ogy. No
matter how di sruptive the new technol ogy wave, sone existing
sources of conpetitive advantages or assets will be critical in
the next S-curve. lnevitably, though, sonme current conpetitive
advant ages that sustain the conpany will becone obsol ete.

The second step is to establish sone distance fromthe
current consuners. Disruptive technol ogies create problens for
established firns because the managenent rule “focus on your
consurer” |leads themto nmiss new opportunities. The rational,
anal ytical investnment processes are focused—for all the right
reasons—en current custoners and nmarkets. The processes are
designed to weed out proposed products and technol ogi es that do
not address custoner needs or that have negative net present
value (NPV). The bottomline is that disruptive technol ogi es | ook
financially unattractive to established conpani es. The potenti al
revenues fromdiscernible markets are small, and it is difficult
to project market size over the long term Any rational resource-
al | ocation process in conpani es serving established markets wil |
go upmrar ket rather than downnar ket .
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Al'l these characteristics, in fact, increase the disruptive
potential of nanotechnol ogy. |ncunbents will nost |ikely not
prepare for the upcoming revolution. This dranatically increases
the potential for their displacenent. New conpanies with a
relatively small R&D budget, betting on a narrow application
segnent, may gain a technol ogi cal conpetitive advantage that,
with sone time and consunmer education, will be translated into a
real custoner need. At that point, it will be too late for the
i ncunbents to react. The only way to keep the custonmer will be to
buy either the technology or the conpany--if it is still
possible. That is a risky step.

Different types of technol ogical innovations affect
performance trajectories in different ways. <I>Sustaining
technol ogi es<l > naintain the rate of inprovenent, giving
customers something nore or better in the attributes they already
val ue. Al though nanot echnol ogy coul d drastically inprove certain
exi sting processes, its real inpact will nost likely be as a
<l >di sruptive technology<l>. It will introduce a package of
attributes different fromthose that custoners have historically
val ued and that often perform worse along one or two di nensions
of particular inportance to those custoners at a certain tine.
@?2: Process and Product
@: There will be two types of nanotechnol ogy innovati ons.
<l >Process innovations<l> will be applications to inprove
exi sting processes—to make them faster, nore efficient, nore
accurate, nore precise, and perhaps nore cost-effective. Such
i nnovations can range fromlithographic tools in the
m croel ectronics industry to drug-delivery systens in health
care. <|>Product innovations<l> will arise fromthe application
of nanotechnol ogy to create revol utionary new products. It is
hardly surprising that these will be nore difficult to predict.

Nanot echnol ogy process innovations will appear primarily in
i ndustries in the specific phase. As industries mature, and cost
ef ficiencies becomes the focus of production, process innovations
becone nore inportant relative to product innovation.

Nanot echnol ogy product innovations will appear in industries in
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the early stages of their devel opnent, or the fluid phase, for
simlar reasons. Although we can make certain predictions about
the i npacts of nanotechnol ogy on different industries and where
they will appear, we cannot predict their timng (see Figure
9.4).

@2: Ri sks and Opportunities in Specific-Phase Industries
@: The ri sks posed by nanotechnol ogy as a disruptive force are
significant in specific-phase industries. Incunbents will have to
i ncorporate process inprovenents to renmain cost conpetitive.
Li kewi se, process inprovements offer great opportunities to
established firms. Product innovations, on the other hand, are a
substantially |l ess attractive opportunity. Firms in mature
i ndustries will have to develop their know edge of |inkages to
fully benefit fromincrenmental process inprovenents and to
prevent their established organi zational structure from hindering
the adoption of technol ogical progress (see Figure 9.5).
@2: Ri sks and Opportunities in Fluid-Phase Industries
@:Firms in the fluid-phase industries face a different risk-
opportunity profile. They are positioned to benefit fromthe
potential opportunities of disruptive technol ogies and product
i nnovations, and they al so benefit fromthe absence of an
organi zational heritage that can act as a burden. Product
i nnovations pose a risk to these firms, however, since at this
early stage of the industry, it is unclear which products wll
becone industry standards. Finally, devel oping a |inkage
know edge base is an opportunity for future process innovations,
but firms have less to fear fromits absence (see Figure 9.6).
@2: Capabilities to Build and Depl oy
@: Ext endi ng the Henderson-Cd ark argunment, it is apparent that
firms in the specific phase nust focus on fostering |inkage
know edge and firms in the fluid phase nust focus on building
component know edge.

Fortunately, this is not a revelation. Conpetitive forces
often prompt firns in the specific phase to focus on process
i nnovations. The Henderson-d ark argunment, however, carries an
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inmplication for the allocation of research and devel oprent
budgets. A specific-phase firmoperating under a defensive
strategy must expend its R& dollars to explore the ways in which
its manufacturing inputs and conponents and fini shed products
rel ate. A thorough understandi ng of these |inkages can enable it
to discern opportunities to apply the energing discipline of
nanot echnol ogy. A firm m ght inprove operations processes by
following a cost-mnimzation strategy. Alternatively, it mght
follow a product-differentiation strategy by inproving product
features.
On the other hand, a fluid-phase firmfollowing a first-to-
mar ket and vol unme strategy mght devote its R&D budget to
i ncreasi ng conponent know edge as opposed to |inkage know edge.
It is inportant to note that R& refers not only to a
determ nation of what is technologically feasible, but also to an
anal ysis of customer requirenents. Value capture occurs at the
intersection of technical feasibility and customer desirability.
The precise capabilities that a firmnust build are dictated
by the phase in which it finds itself, but it nust al so consider
a second input—strategy. A specific-phase firmin a defensible
position nay be able to devote a higher proportion of its R&D
budget toward buil di ng conponent know edge and attenpt to further
bot h process and product innovation. The reverse, however, is
rarely true. A fluid-phase firmis rarely in a sufficiently
defensi bl e position to spend budget funds on expandi ng |inkage
know edge.
@n1l: Appli cations
@: The following framework (Figure 9.7) attenpts to identify the
areas where the new technologies will arise. Process innovations
relying on nanotechnology will be doninant in mature industries,
wher eas new- product innovations incorporating nanotechnol ogy will
essentially see the light in industries in their early
devel opnent st age.
The rational e behind this segnentation is that mature industries
rely on current core conpetencies and installed custoner bases,
but new applications in these industries nmust stay closer to the
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current product Iine and are therefore | abel ed process

i nnovations. New product applications, on the other hand, wll
emanate from new conpanies, potentially spun off fromnature

pl ayers. These new conpanies will focus on the new technol ogy,

wi t hout having to please an installed custoner base. They are
likely to experinent with nore radical ideas and products, and

t hus product innovations are classified in the early stage of

i ndustry devel oprent.

@2: M croel ectronics

@b: The idea of nechani cal computing devices is not new |n fact,
the first known conputing device did not use electronics at all
The di fference engine, created by Charl es Babbage in 1822, was
sol ely mechanical. The device, which required close to two

t housand parts, served the single function of fixing entries for
tabl es on the steam engi ne. The purely mechani cal computing

devi ce gave way to electronics in the twentieth century, driving
t he machi nery Babbage created into obsol escence. Today, the idea
of returning to Babbage’'s concept at first seenms comical, but the
energence of nanotechnol ogy provi des new notivation for studies
of mechani cal conputers. Nanotechnology will lead to microscopic
comput er systens at the nol ecul ar and, eventually, the atomic
scale. At present, we do not know how to design electronic
conponents of that size, although if More' s | aw (see Chapter 3)
prevails, and smaller, faster devices are required, a
nanoconput er constructed by sol ely nol ecul ar nechani ca
nanodevi ces nmay be on the horizon.

Even if an abrupt shift fromelectronics back to pure
mechani cs is doubtful, the arrival of nanotechnology will lead to
a strong conbination of the two in the near future. Carbon
nanot ubes, discovered in 1991 by Sumio lijinm of NEC Corporation,
are an exciting exanple. These tubular structures inpart
nmechani cal and el ectronic properties that beconme an exotic
variation of conmon graphite. A short list of their attributes
i ncl udes super strength conbined with | ow weight, stability,
flexibility, good heat conduction, |arge surface area, and
intriguing electronic properties. Today's nanot echnol ogy has
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al ready proven able to create material many times stronger and
lighter than steel. The follow ng mcroel ectronic applications
could energe fromthese advances in both the short and long term
@3s: Pl astics
@: Nanot echnology will nost likely have its first significant
i ndustry inmpact in the area of materials science. Through process
i nnovation, it will create stronger and lighter plastics from
nanocl ay. The nanomaterials are |ayered, often chenmically
nodi fi ed, clays consisting of nanonmeter-thick platelets up to
1,000nmin dianeter. Inplenmentation will lead to inprovenents in
stapl e products such as countertops, auto parts, toys, and nylon-
packi ng applications. Though experts estimate that the current
mar ket demand for such products is only $10 million, they predict
that the global market will expand to $500 million by 2010. [[Au:
Source?] ]

Several conpani es have already entered this space. Nanocor
a subsidiary of Antol International, has patented technol ogy and
devel opnent agreenments with Bayer, Eastnman Chenicals, and Toyota
The five-year-old group plans to produce 20,000 tons of nanocl ay
this year [[Au: ldentify year.]]for packagi ng applications and
auto parts. Another group, RTP Conpany, focuses on plastic
components for filmand sheet applications. Qhers, such as Dow
Chem cal and Magna International, are devel opi ng production
technol ogy for autonotive applications. Even if these innovations
do not lead to new products, they will change the standards of
exi sting ones.
@ 3s: Nanonmenory Computers
@b: According to Moore’'s Law, computer-chip sizes decrease
exponentially with time. This trend indicates that atomcally
preci se conputers will arrive by about 2010 to 2015.
Nanot echnol ogy will be required to work at this scale. In the
near future, devices with nanoscal e conputer nenmory will provide
order s- of - magni tude i nprovenents in RAM density along with
pi cosecond swi tching speeds.

Faster conputer processors and increased nmenory storage
i nprove the product. Although the major players still primarily
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seek inprovenents through electronic innovation, they are aware
of nanot echnol ogy. Pl ayers such as David Tomanek’s group at

M chigan State University [[Au: As neant?]] have a patent pending
on the design of Nano-nmenory, a conputer that will be 1,000 tines
smal | er than our standard today, yet hold the sanme anount of
menory. The design enpl oys nanotubes that literally change the
state of the conputer’s on and off functions. Although this
device or a different prototype may not energe in the next 10
years, the trend is clear. A day will arrive when a standard

personal conputer will have enough storage to literally keep
track of every conversation a person has ever had frombirth to
death, and the individual will be able to access the information

qui cker than the blink of an eye

@n3: Batteries and Cell Phones @: The energence of nanotubes coul d
have a significant inpact on the global $2.8 billion battery
market. They will create ion storage for batteries, inproving the
performance of rechargeable batteries through changes in the

nol ecul ar el ectrocheni cal behavior. Since this technol ogy has

al ready been created, it should have an i mmedi ate i nmpact on cel
phones and conputer batteries. In addition, innovations for
batteries in electric cars will significantly cut down on the
hours it takes to recharge. In fact, nanotechnol ogy coul d nmake
rechargi ng qui cker than refueling. A high-performance capacitor
could store an electrical charge when two conductors are pl aced
close together with an insulating |layer. Such devices could be
instantly recharged with | arge anounts of electrical energy,

whi ch could then be drawn off slowy by a notor.

The introduction of nanotechnol ogy to conputer and cell -
phone batteries will happen soon. Tokyo-based U vac recently
announced it had found a way to “grow’ nanotubes in specific
arrays and positions that will allow manufacturers of |ithium
batteries and conputer displays to start using nanotubes within
the next year[[Au: Need to define year and “recently” in this
sentence] ].

@3: Fuel Cells
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@:If electric cars do not energe, nmany peopl e believe that
nanot echnol ogy wi Il enable environnentally inproved and efficient
fuel cells to power autonobiles and other notor-driven devices in
the future. Many fuel cells operate by oxidation involving
hydrogen, oxygen, and a catal yst—-hydrogen is introduced at the
anode of the fuel cell, and oxygen at the cathode. Nanotubes may
be able to absorb hydrogen in fuel tanks, conpressing hydrogen
nore densely than is possible today. This will lead to increased
power and efficiency, as nore hydrogen fuel cells can be added.

In 2001, conpanies including NEC and Sony announced work on
fuel -cell battery technol ogy usi ng nanotechnol ogy. Though
revenues for this technology are small today, analysts predict
that the market will grow to $14 to $17 billion for distributed
generation in North Anerica in 2010 and $40 to $50 billion
wor |l dwi de. Ballard Power, a leader in this industry, has a market
capitalization of close to $4 billion, yet had revenues of only
$55 million in 2000. As an enabl er, nanotechnol ogy should have a
strong i nmpact on the portabl e-power industry.
@3s: O her Potential Applications @:Flat-screen TVs and
optical -switch inprovenents are also areas of potentia
nmi croel ectronic applications. Today's television sets are so
| arge because three electron guns are firing electrons fromthe
back. Ml ecul e-si zed nanotubes could enit the electrons with the
preci sion of one nanotube per pixel, resulting in a television
with the depth of a framed print. Also, it would use far |ess
power than present-day electron guns, in which silicon does the
el ectron emtting.

The boomin optical telecomunications, spurred by the
expl osive growth of the Internet, has been provoking the growh
of mcromrrors and nicrol enses to bounce a | aser beam around on
the surface of a chip for routing optical signals. This process
elimnates the need to switch fromphotons to electrons for
routing data signals and thereby reduces transm ssion tinme. As
i nnovative as optical sw tches sound, nanotechnol ogy can
mniaturize these switches, naking themnore effective and
efficient. In addition, there is roomto nmake intelligent photons
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that carry their own destination information with them thereby
maki ng optical switches redundant.

[[Au: Okay to nove following material from health care section?
Supply subhead?]]

@: The information-technol ogy age saw precision farm ng, which
used gl obal -positioning systens (GPS) and geographic-information
systens (AS) to create yield maps for harvesting. The $800
billion U S. food industry targeted several products for
i mprovenents. Genetic engineering elimnated sone of the
potential problens. The first generation of products resulting
from genetic engi neering has focused on maeki ng pl ants (seeds)
stronger and nore robust w thout much change in functionality or
the nature of the product.

The advent of nanotechnology will bring second-generation
products that alter the very structure and function of those
products to nmake them nore useful and convenient. For exanple, in
addition to maki ng cotton nore robust and pest resistant,

nanot echnol ogy will make it possible to grow col ored cotton or
wrinkle-free cotton right fromthe seed. These changes will not
be limted to cotton but will be applied across nultiple

agricultural products, enhancing their nutritional and commerci al
val ue. Moreover, nanotechnology will allow us to grow these
products artificially on a large scale that could conpete with
traditional agriculture.

@b: Di seases are caused largely by danmage at the nol ecul ar and
cellular level. Today’s surgical tools are, at that scale, large

and crude. Fromthe viewpoint of a cell, even a fine scalpel is a

blunt instrument better suited to tear and injure than to hea
and cure. Mddern surgery works only because cells have a
remarkable ability to regroup, cleanse their dead, and heal over
the injury.

@: Nanot echnol ogy should let us economically build a broad
range of conpl ex nol ecular tools nuch smaller than a human cel
and constructed with the accuracy and precision of drug

nol ecul es. Such tools will let nedicine intervene in a
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sophi sticated and controlled way at the cellular and nol ecul ar

| evel : they could renove obstructions in the circul atory system
kill cancer cells, or take over the function of subcellul ar
organel l es. Just as today we have the artificial heart, so in the
future we could have the artificial mtochondrion

Equal |y dramatic, nanotechnology will provide new
instrunents to exam ne tissue in unprecedented detail. Sensors
smal ler than a cell could allow an inside and exquisitely precise
| ook at ongoi ng function. Tissue that was either chemcally fixed
or flash frozen could literally be analyzed down to the nol ecul ar
| evel, giving a conpletely detail ed snapshot of cellular
subcel l ul ar, and nol ecul ar activities.

Nanot echnol ogy will al so enable genetic nedicine with a far-
reachi ng i npact on the health care industry and how
pharmaceuti cal comnpani es conduct busi ness.

@3s:1nside versus Qutside. @3:|emn Today' s nedicine attenpts to
find a weapon that works agai nst a given health threat.
Tonmorrow s nedi ci ne, enabl ed by nanot echnol ogy, will largely
replace the current approach and reveal the actual cause and

bi onedi cal pat hways of disease. An ability to understand the
causes and work “inside” the human body versus “outside” wll
lead to a new formof medicine that will succeed through the
genetic prevention of disease rather than treatnment of the

di sease itself. The health care industry and subsequent
applications will nove toward understandi ng the human genone and
its relation to di seases and consequently provi de custonized
medi cat i on.

term pharnmacogenomics will devel op precise drugs that treat
specific genetic sets of patients. At present, $8 billion worth
of prescribed nmedicines do not work on all patients or need to be
di sconti nued because of adverse side effects. Instead of a one-
size-fits-all approach, wherein one drug is nmeant for everyone,
preci se drugs will be configured for distinctive gene types,

| eading to customtreatnents that are nore effective and have
fewer side effects. Herceptin, devel oped by Genentech, which
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targets the 25 percent to 30 percent of breast-cancer patients
who have a gene called HER2, is already on the market. In the
future, a doctor will neet a patient and prescribe or even
configure the exact treatnent needed for a particul ar gene type.
@3s: Cancer Cures. @3:|enm About 1.2 mllion cases of cancer were
di agnosed in this country in 20xx[[Au: Identify year]], but 60
percent of those cases had no therapy. After several years of
research, there are over 350 biotech cancer therapies in clinica
trials, 57 of those in final phase 3. Mst of those therapies
work with viruses or proteins. For exanple, tunor necrosis
therapy (TNT), from Techniclone, uses a genetic smart bonb, which
is injected into the bl oodstreamand finds its way to the tunor,
delivering precise radiation treatnent to the inside of the
tunmor, killing it fromthe inside and | eaving the surrounding

i ssue intact. Nanotechnol ogy pronises to provide scalability and
cost-effectiveness for these solutions by hel ping the production
of smart bonbs.

@3s: Artificial Red Blood Cells and Mtochondria. @3:|enl Once
scientists can mani pul ate at the nolecular level, they will be
abl e to provide netabolic support in the event of inpaired
circulation by providing artificial red blood cells. Not only
could these cells be produced externally, but genetic
enhancenents to the i nmune systemwould allow for imediate
recognition of tissue danmage or blood clotting, resulting in
restored bl ood flow at an appropriate level. An alternate
possibility is a nanotechnol ogy-enabled artificial device that
rel eases oxygen at a constant rate to maintain nmetabolism and
keep tissues healthy.

@3s: Bi omachi nery for Drug Delivery.@3:|emIn the classic 1966
science-fiction film <l>Fantastic Voyage<l>, a subnmarine and its
crew are shrunk to microscopic size and travel through the

bl oodstream of a scientist to renove a clot in his brain with an
onboard | aser. Nanotechnol ogy hol ds the prom se of making an
adaptation of this concept a reality: Mniaturization techniques
will enable innovative drug-delivery systens to serve as doctors
i nside a human body and provide effective nedical treatnent by
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enhanci ng the i mmune system or supplanting corrective-surgery
nmet hods.

@1: Concl usi on

@5: Nanot echnol ogy is nore than an enabling technology; it is a
revol utionary technology that will have a great inpact not only
on early stage industries, but also on mature industries. Early-
stage industries will see product innovations, and mature

i ndustries will see process innovations in the form of

nanot echnol ogy applications. Devel oping internal capabilities for
rel evant process innovations in nanotechnol ogy shoul d appear on
the agenda of conpanies in mature industries. On the other hand,
companies in early-stage industries should direct resources
toward product innovations. It is inportant to keep in mnd that
these are guidelines rather than rules. Other strategic options,
such as external technology acquisitions and outsourcing of
research and devel opnent, are also avail abl e.

The science of nanotechnol ogy exists on the frontiers of
t echnol ogi cal innovation. Many of the applications considered in
this chapter will becone reality only in a md-to-long-termtine
frane. However, two principal decisions are necessary in the
short term The first is which devel opnents to choose anong the
nanot echnol ogy-enabl i ng products and services. The second
i nvol ves the allocation of resources and nust take into
consi deration any inplications that nanotechnol ogy will have for
a conpany’'s future processes and products. These deci sions nay
al ter the business nodel.

Nanot echnol ogy wi Il change the existing paradi gm of thinking
and have nore profound effects than any previous technol ogy. It
will touch every facet of the econony and have a w de-rangi ng
i mpact across all industries. Sone industries, such as health
care and electronics, will feel the effects earlier than the
ot hers because of the short product cycles and the need for
i nnovat i on.

In typical industries, value is created when new technol ogy
is matched to custoner needs. Commbn questions in evaluating a
project are, Does the custonmer want it? How big will the narket
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be? Is this a positive net-present-val ue project? However, those
are not the appropriate questions for evaluating nanot echnol ogy
initiatives—nanotechnol ogy is an object of “causal anbiguity.”
The existing custonmer may reject nanotechnology for its

di sconti nuous or radical nature. Initially, the nmarket m ght not
capture a sizable chunk, and the opportunity cost of capital

m ght not favor the nanotechnology initiatives. Thus, it is

i nperative that organi zations understand its strategic
significance by estimating the initial performance |evel of the
technol ogy. Once the exponential benefits are identified, the
organi zati on should locate the initial market and consider the
potential of devel oping the technol ogy i ndependent of its current
oper ati ons.
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