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What is an engineer?

What does the Oxford English Dictionary say?

1.0One who contrives, designs, or invents;
an author, designer

2.a. A constructor of military engines (obs.)

b. One who designs and constructs
military works for attack or defense

“A tour ful strong, That queyntyly engynours made.”
-¢c 1325 Coerde L.
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engineer

“‘engineer’ and “ingenious”

have the same root
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Civil engineering
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Electrical engineering
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Computer science
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Mechanical engineering
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Metallurgical engineering
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Modern engineering systems
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Modern engineering systems
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Modern engineering systems
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Modern engineering systems
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Modern engineering systems
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Modern engineering systems
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An important distinction

A scientist discovers that
which exists.

An engineer creates that
which never was.

- Theodore von Karman
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the future

Prediction is very difficult,
especially about the future.

- Niels Bohr
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imagine the future
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In labs around the world, researchers are busy
creating technologies that will change the way
we conduct business and live our lives. These
are nat the lakest crop of gadgets and gizmos:
they are completdy new technel cgies that
conkd soan trmsform computing, medicine,
mmnufacturing, trnspartation, and our energy
infrstrocture. Wurturing the people and the
culture nesded to make the birth of sich tech-
nalogical ideas possible is a mesy endevor, as
MIT Media Lab colounder Michohis Negropante
explains on page 34. But in this special issue,
Tedmology Review's editors have identified 10
emerging technologies that we predict will have
a tremendons influence in the ner future, Far
each, we've chosen a ressarcher or ressarch
tesim whiose work and vision is driving the
fidld. The profils, which begin en page 36,
affer a snek preview of the technalogy warld
in the yenrs and decades to came.

THE TECHNOLOGY REVIEW TEN

hiat it vou had a crystal ball that foretold the future of technalogy? Imagine, for example, if

wvou had known in 1990 just how big the Intemet was going to be 10 vears hence. Sorry, that
crystal ball doesn't exist. But in this special issue of Technology Beview, we offer you the next best
thing: the educated predictions of our editors (made in consultation with some of technology's top
experts ). Wi have chosen 1 0emerging areas of technology that will soon have a profound impact
on the econommy and on how we live and work, These advanoes span information technology,
biotechnol ogy and nanotechnology—the cone of TR coverage inevery issue. All of these areas meril
special attention in the decade 1o come. Ineach anea we've chosen o highlight one innovator who
exemplifies the potential and promise of the e d. Keep this issue around and see how well our pre-

dictions hold up—even without the aid of that crystal ball. The Edivors
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DAVID CULLER

Wireless Sensor
Networks

Graat Duck kdancl 3 90-hectane oo panes of
reck and grass off the comt of Maing, 1s
hometo one of the worl d's largest bresd
sch’s shorm peireks
s most advanced
expariments In wirdess notworking, Lagt
summar, resarchers bugged dozns of
the petrels” nesting burrows with small
montioring cevices calked motes. Each 1s
abaut the stz of ks power source—a pair
of 44 batteries—and & equippad wiha
processor, a by amount of computer
memor | sarsors that monitor light
humid a1, and heat. The
aradlo tramseher s powerful mough 1o
broadcet snippets of data o nerby moles
ad pass on infoemation receivad from
other neighbors, budiet brigade-siyle
This s more than the bitest in avian
Intelligence gatha b motes praview
afutura pervadad by natworks of wirckess
battery-porwerad sonsors that monfior cur
envirmnment, our machines, anc even us.
15 a future that David Culker, 1 computer
schanlist at the University of Callforni,
Bark has been working toward for
tha |t four years. “Its ane of the big
oppertuntks” in infenmatio
says Culler, “Low-pows
networksare spearha
of compy g
Culler on partial kene from Barke.
ley bo clirect an Intal *lablet™
facting the motes, as well asthe
and soltware systems needad bo chear the
wary for wirdess natworks made up of
thousands or aven millions of sensors.
These networks will obsarve just about
ything. inchuding traffic weather. sels
micaciviy, the movements of troops on
batthefiakts, and the streses on bulldings
ard bridges—all on a fr finer scak than
his been possibla bafore.
Bacause such networks will b
distributed to havethe smsors hard
Into the dectrical or communications
grids, tha lablet’s first chalknge ws o
m:
wirdes
“The devices lenvebo organtee themse
In a network by liskning to one another
ard figanng out who can they haar.. ot

o

It costs poswer b evan listen,” sys Culler.
That meant finding a way 1o ke the
miotes radios off most of the time and s
alkoww data to hop through the network
mate by mote, in much the same way
that data on the Intemet are braken into
packats and routed from node to node.

Lntd Culersgroypatiacked the prob
kem, wirdass networking had bickad an
ecqatvakent o the data-bandling protocols
that make the Internet work. The lablet’s
solution: Tiny0s, a compact operating
systam only a few kilobytes in stea, that
hardles such administrative tasks a
encod ing data packets for rday and turn
ing on radics onbywhen they're neaded
The motes that nn TinyOSshould oot a
few dollars apiece when mas producad
and are being fiakl- tested in several koca
tions from Maine 1o Californi, where
Berkeley soismeloghds are veing them bo
manioraErthquakes.

Anyone ks freeto downbead and tinker
with TinyOS, =0 ressarchers cutside of
Borkeleyand [t can test wird s sensar
natworks In 3 pngecfemimnments wih
out having 1o reinvent the un
technology: Cullers motes han
tremendousy enabling platrm” sys
Deborah Estrin, director of the Centar
for Embadded Ratworkd 5 msing at the
Linlversky aliforn i, Los Angeles
Esirin |5 rigging a nature meerve i the S
[acints mountains with a dense ar
wirkss microchimateand imaging s

Othersane irying to make motes
smaler. & group lad by Berkd ey com
puter scient g Kristoder Plster 15 alming for
ana bk millimeter—the s of a few
chot mites, At that scale, wirdess sarsors
coukd permeate highway surfaces. buikling
materlals, fabrics, and perthaps even aur
bodies. The resuking data bonanmooald
wastly Increass our undersanding of our
physical emdronment—and help us pro
tech our own nesls,
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JENNIFER EL 15 SEEFF

Injectable Tissue
Engineering

Evory yoar more tan 700000 ptients n
the United States undergo jomt raplace

menisurgary. The procadure—inwhicha
knea orahip i replaced with anartifidal
imphnt—is highly imashe, and mmny
patlants deday the sumgery for & long as
they can. lennikr Hisses & bromedicl
i il Johm Hopkins Univensity,

hopes 1o change that with a treatmem
that does away with surgery antireh:

CATHG W
INIECTAELE TISSUE ENGINEERING

imagine the future

The ret binksr: Ssanifer Bl il b ek ing
Hwm sng irmmring in s newdinech on.
FEOTOO RS §TO R ORAL

\n|octablot Bsue anginaering. Shoand ho
colkapues hane devdnped a wary in injed
|oints with specially designed mixiuresof
patymers, cals, and growth stimulntors
that =alid il form. healthy Hsse
“Waranct just trying o improve theair
rani ther apy! sy Bl “Wie're really
tryimg to chanpa 1L compheiahy™

Elissaaff i prant of 1 groswing move
mant that s pishing the bounds of thsne
emgimeering—a fidld resarchers have
long hoped would produca kib-grown
dtarmatives in tramplanted organs and
bissues, For the last three demdes,
resgarchers hwe Eocused on growing new
tisues on polymer saaffolds in the lab.
Whiks this appraach has had s pm
during =mall amounis of criilage and
skin, nessmrcharshave bad difficuley
Ing calis alhe on larger scaf
mwenif those problems could be workad

E—“fl:: STTETH oul, 5y woul gillhave to implant
g s Mebeed S ol tha h-grown tisies Now, Blissedl, as
InBam Tty wall as othar academic and indusiry
s rasErdiare, ara turning ko injactab
prer—m——— Tarad caderntiee Lo that o less dmeashe and far b
Rl Btany of the tssue engineering applica
Baitd ooa e Toranl iy thos bo reach the market first coukd ba
WL kihiga deliverad by syrinee mther than implants,
JB  recuea rmE FeE

Sadoway

and Elissaaff s prehing to make this bap
pan assion as possible.

Elbsaailand har colloagues hara used
an Injetable sysam 1o grow cartibge in
mice. Tha resmarchiers adchal cintilge ol
1o o light-seritive g polymar and
imjecied & under the skin on the backs ol
mica. They then shone ukrrenkd lahi
through the skin, caning the palymer o
tarden and encapsidata the callk Cwar
limg, the cells multiplied and deeloped
. To et the feasibdity of the

-
th reszarchars injected the Bquid into the
Imoe joints of cdavers Thomrgaons ussd
1 Alrer-opiic tube to wiew the hardening
process on a felevison monikor. = This b
e implications, |ammes W, an
amnthopedic surgenn at [oins Flopkinswho
& wllaboriing with Elpseef

Whiks most research on inpacsiblesys
toms has foad on cartilage and hone
w1y this technology conld be
b fismees such s those of the
Iiver and haart. The method could bausad
o rophace disssad portiomsofan argan or
1o anbanca its Enctioning, says Harvand
University pediatnc surgaon Anthony
Atzla. tnthe cise alfheart Bibare, nsiead
ing the chest and surgically
ting an areinsarod wiha or mede
&, i =wys, simply injecting the righi
combination of cells and senals might
dotheirkk

For Hissaall and the restof the field
the mext frontier Hies in 1 powerful new
tocd: stom calls. Dertved From sounces like
bovne marrow anclamb yos, storm cells have
thzabdity to differantiate into mameros
typesof clls ElisaelTand her collagoe
herwe eeplnitiod that ability togrow new@r
tilage and bome simultanecusty—ane of
the trickiest festx In Hssie engineering
ik kryars ofa pobymar-and- gam
mbdure, infusing sch layarwith spe
chomical signalk thai tripgorad the calls
dop imin dther bone or cartilipe
Such ybeid mater alswould simpliy nee
replacement s1rgeries, for trtance, that
require surgeoms (o replaca thetop of the
shin bone and the cantilge above i

Do) oot 1l 2 engiisars Lo gronw
antire aritfickl organs antune soon
ElbsclT, for one, & aiming for smalar
xhamcastha wil maketine anginaening
1 read ity within the decade. Far the thou
smdsaf U8 matientswho need new jot
VLY JE, 8 h small izt could behuge.
7 M. ko

PAUL ALIVISATOS

Nano Solar Cells

The stn may ba tha onlyeneigy sowcs by
anoigh o wean 15 off fosil fusks Bt
tarnesing s anergy depends on silicon
watlars that musg he produced by thesame
occting process used ba make camputer
chips. The axpense of the silicon wafers
rabes sobar- powar osts to as much as 10
timas the price of fossil fud generation
bareping & an energy souros best saiked for
stellibes and other miche applictions.
PFaul Alrisatos, a chomistat the Uni
vaf Califarni, Berkalay, has a bet
=t: ha abms bouse mnotedinology
1o preduce a photoweliale material that
can be sproad like plastic wrap or paint.
Mot only could the mano solar cdll be
Integratec with other building materals,
it = offers the promise of cheap pro
duchion coats that could finally make
zolar pows eidely used dactricty
altemativa
Alwkatos's approach begins with
akcrcaly ondudive polymers. Othar
resgarchars have attempiad 1o mnooct

The University of Tokyo

sobir calks from these plastic materials

' 4:-3_-'I but even the
o5 aran't naadyaffickart o
ariing =olar energy Inko
T Improve theaffidmoy, Allvimbosand
his cownrkersan adding a new ingradi
ont to the polymer: mnorods, bar-shapad
semiconducting inasmpganicerystals mea
suring Just seven nanomaeiers by &0
nanometers. The result is a chaap and
Hexibk material that could provide the
sama kind of efficency achived with
silicon solar cells Indead, ‘JI it hopes
thatwithin threa y
Albo, CA stariup he
roll aut 3 nanarad solar call that can
produce energy with. the effickency of
silicon-based systoms.

The prototype skbir cllshe has madke
5o far consit of sheats of 2 nanarnod
polymer composite Jus 200 anomaers
thick Thin layers of an dectrode sand wich
the compestie sheats. When sunlight hits
tha shiats, they absorb p
chorons In the pe
worncks, which make up 90 percent of
ymposdte. The result s auseful ox
rant that 1s carried eway by the clecirodies.

l:.|1|'f|l.. TR kmaaery’

Early results have heon ancotimging.
But sevaral iricks niow in the works muld
further boost performance. First,
Alivbatos and his collaborators have
wwitched o 2 new nanored material, cad
miam telhuride, which absorbs mone sun
light than cdmium sdmide, the materil
thiey usad initially Theschniisis areakn
aligning the nanarads in branching
asmmbhigesthat conduct dedrom mane
afficlently than d
manomck. “11s all a matter of pro cossing,”
Alwisios explins, adding that he sees
i3 Inherent reazon™ why the nans solar
azlls couldn’t eventually match the per.
formance of top-end. apmshie siicon
solar cells
Tha minarad solar cells could be
rollad cut, ink- jet primiec], o even paintad
anto surfaces, so "1 blboard an a bis
oot be 3 =olar collector,” Manoys's
director of business development,
Swphen Empedodes. He pradics that
cheaper materials could create a
SL0hillion annual markat for solarcelk,
dhwarfing the growing markat for con
wentiomal sillmn calke
Allvbatos’s anomods aren't the cnly
echnology eniranks chasing cheapar slar
porwir. But whether or not his approach
oty revolutionlzes shr power he i
o technology dratogies
m. And that denz
could bz a major montribution to the
search fora better solar cal. “Tharewil be
other resarch groupewit he kv ke and
processs —miaybe something wa
avent thought of yet.”
ik and e ||u|:f|il-Iml.'-l|'-.'|wclu| i
pariad of charge. 1852 pood Ida to iry
ety apprm ches and seewh
Thanks 1o nan
new Ideas and new IIIJI\.'I‘II'S..lIII” frans
form the solar cell market from a bou
tiqesource to the Wal- Mart of deciricity

SD0T0NHIIL DHIZE 3w
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NANCY LYMCH & STEPHEM GARLAND

Software
Assurance

Computers crash. That's a fact of life, Ard
when they da, it's usnally becanse of a
software bug, Generally, the consequences
are minimal—a muottered curse and a
rebool Bul when the software is running
complex distributed systems such as those
that suppart air traffic contral or medical
e uipment, a bug can be very expensive,
and even oosl lives, To ha p avaid such di-
sasters, Nancy Lynch and Steplen Garland
are creating tools they hape will yield
nerly error-free software,

Working together at MTT s Labaratory
for Compuber Science, Lynch and Garland
have developad a computer lainguage and
programming tools for making saftware
development more rigarans, ot Garland
puls ity o “make sofbware engineering
more like an engineering discipline.” Ciwvil
engineers, Lnch points out, build and
test o mieddd of a bridge before amyone con-
structs the bridge isell. Programmers.

Sadoway

531507 ONAA L THIBE 3 6—

howevar, often start with a goal and, par.
taps atter some discussian, simply st
cown to welte the sofware oock. Ly
andd carkind'stoaks
modd., tost, and reason about sitware
beora they wrile L s an approach that's
unique ameng effors bumched recntlyby
the lkes of Microsoft, 180, and Sun
Microsystames to dmprone softwarequality
and even to smplfy and improe the pro
gramming process Hsal,

Likameny of thew other efiorts, Lyndh
and Garbncl's approach staris with a con
capt calkd absiraction. The idea & to
begin with a high-kevel summary of the
wnals of the program and then write 1
sorles of progresshel y mirre specilic state

LD W
SOFTWARE ASSURENCE
EBERCHEL PROLELT
Goranl Rolarunn Sallmca okl o

Fellak ot ok corpal
Ehanks Howol Bow: Wi e s
Mix FULEY
Charks Smang ey loshin e
imidiae e

= tkh [T
Keiicl el is cdopam

45 rroHeman miewe

Com puter sxhe i nartore Lyrch ard
Stw ph an Ga rland rid softsers of buge.
FHCTOORAFE KT BATHAN HETEHOE

mnts thut describe both steps the pm
gram can take in reach 1= goals and how
it shiould parfomm those sheps. Forszample,
a highlawd ahdmdion for an atreraft
mllison mvoichincs systam might specfy
that comadive adion Eke plice whn
wwr two planes i [ying oo 5
lrwarr-lewed disign migcht ha theaircrit
exchiange messges to determine which
should soend and which sheuld decond
Lynch and Gadand have taken the
id e aof abstraction further. A doxan yoars
g, Lynch developed a mathematicil
mockd that mede & @mster forprogammens
tertell i a st of abstraciions woukd make
actrinked systom behana merectly. with
this modd, she and Gadand oreated a
computar Bnguage [ gramimens cin use
in write"peasdnood o™ that desrr i hes what
a program should do with his students,
Garand e also built tools to prove that
lower kvels of abdrctiomns eliba oo
recly 1o higher lneb and 1o smulie a
program’s batertor bofors 0 b trandakd
Intn anactual programming lngiage ke
Il By direcing programmen’ atten
tion bo ey more possible bug: rosaling
drcumsinnoes than might be checked in
typicalsofiwema bests. tha tncls help #sura

that thesoftwane will alverys work propary:
e mftware has bean thus tested, 2
lmmn cinasily tandatothe peuciood o
inie 3 sandand programming lamuaga.

Mot all computer scimtists agree that
1t b posible o prive software error free.
sl sy shari Pllaeger, a computer sci
antit for Rand in Washingan O, matha
matical mathocklike Lynch and Garlind's
terve a pliace in software desian. *Cortainly
st 11 for the most oot ical perts of a large
systam woulid be important, what har or
ot your belleve youne getting 100 par-
cant of the probkems ot Plleeger sy

Whiksnme groups hae started work
tmg with Lynch and Gadand ssnfiwara.the
o B pursning a system forauomaticlly
gemarating lava programs from highly
spacified psandocode. The aim, miys
Garkind, 1s to "ot human nteraction to
mar parc” anid diminata ranscripiion
arrors. Colaboror Akx Shvarisman, o
Unhersty ol Connactit computer sci
antig, s, 4 toal lka this will ke o
slowly bt surdy in a placa where sysems
are much maone dependabletten thay are
ioday” And whathar we're boarnding planes
argoimg to the haspal, we cnaall appra
chtwthat goal. —Enths fonres

The University of Tokyo
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JOHN JOANNOPOULDS

Microphotonics

ight boumces off the small yellow
L sqquare that MIT physics profes-
sor ot Teanno poulos is show-
ing off. 1t looks like a scrap of metal,
something a child might pick up as a
plavthing. Bub it isn’t 2 toy, and it isn't
metal. Made of a few ultrathin layers of
non-conducting material, this photonic
crvslalisthe latest in a series of materials
that reflect various wavelengths of light
almost perfecily. Photonic cry
on the cutting edge of microphotonics:
technologies for directing light on
microscopic scale that will make a m
impact on telecommunications.
In the short term, microphot
could break up the logiam caused by the
rocky union of fher optics and electron-
ic swilching in the telecommunications
Packbone, Fhotons barrding through the
network
necks when they must be converted into
the much slower streams of electrons
that are handled by electronic switches
and routers. To keep up with the Inter-
nel’s exploding need for bandwidth, tech-
nal s want (o replace electronic
itches with e, miniature optical
is already under
o5 Revoln-

tals are

ical core run into bottle-

[ the large pavofl—a much
faster, all-optical Intemel—many com-
tors are wying 1o create such devices,
Large tebecomm equipment makers, includ-
ing Lucent Technologies, Agilent Tech-
nologies and Mortel Metworks, as well as
anumber of startup companies, are
developing new oplical switches and
devices. Their innovations include tiny
micromirrars, silicon waveguide
microscopic bubbles o better direct light

But none of these fixes has the tech-
nical elegance and widespread utility of
photonic crystals. In Joannopoulos” lab,
photonic crystals are providing the means
tovcreate optical circuits and other small,
inexpensive, low-power devices that can
carry, moule and process d. I the spead
of light. *The trend is 1o make light do as
many 1 15 possible.” o
says “You may not replice electronics
completay, but you want to meke light do
as much as vou can,

Conceivied in the late 1980s, photom-
ic crystals are 1o photonswhat semicon-

even

nopoul os

1001

Sadoway

ductors are toelectrons, offering an excel-
lent medium for controlling the Qow of
light. Like the doorman of an exclusive
cluby, the crystals admil or reflect specif-
ic photons depending on their wave-
nof the cry In the
19805, loannopoulos suggested that
defects in the crystals' regular structure
could bribe the doomman, providing an
effective and efficient method to trap the
light orroute it through the crysial.
Since then, lcannopoulos has been a
piomeer in the feld, writing the definitive
book on the s
Crysteds; Moliding vhe Flow of L
the way [ohn thinks abaut it
malerials scientist and eollaborator
Thomas. “Maolding the flow of light, by
[=al} ng light and figuring oul ways to
make light do his bidding—bend, go
straight, split, come back together—in the
smillest possible space!
Toannopoulos’ group has produced
several firsts. They explained how crys-
tal filters could pick out specific streams
of Tight from the focd of bearms in wave-
length division multiplexing., or WD,
a technology used o increase the
ried per fiber (see
Mulriplexing” TR
). The labs wark on
two-dimensional pholonic crystals set
the stage for the worlds smallest laser
nd electromagnetic cavily, key com-
ponents in building integrated optical
circuits,
Buteven il the dream af an all-opti-
cal Internet comes o pass, another prob-
lem looms

maunt of d

5o far, network designers
have found ingenious ways 10 pack more
and mare information into fiber aptics,
both by improving the fibers and by
veng tricks like WDRM. Butwithin five to
10 v me cxperts fear it won't be
possible o squeee any mone data into
existing fiber oplics

The weay around this may be a bype of
photonic crystal recently created by
Toannopaol “perfect mirror”
that reflects specific wavelengths of light
from every angle with extracrdinary effi-
ciency. Hallow fibers lined with this
reflector could carry up to LODD times
more data than current fiber oplics
affering a salution when glass fibers reach
their limits And because it doesn't absorks
and scatter light like . Lhe invention
may also eliminate the expensive signal
amplifiers needed every 60 0 80 kil ome-

5,

Fhadngrapie 0 145 SOALL

The University of Tokyo

huling e bether cmarb ol the l ow offighe.
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Quantum dots in action

photo: F. Frankel
research: M. Bawendi
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“Flatland” or “face value”

Periodic Table

1 z
H He
Hydrogen Helium
1.0 4.0
3 4 & =] T =] a 10
Li | Be B|C|N|O F | Ne
Lithium Berlium Boron Carbon Mitro gen Choygen Fluorine Meon
5.0 0.0 10.2 12.0 14.0 16.0 10.0 20.2
11 1z 12 14 15 il 17 12
Na | Mg Al | Si| P S | Cl| Ar
Sodium Ml gries ium Auminum Silicon Phosphonz Sulfur Chlorne Argaon
23.0 2.0 27.0 281 31.0 221 35.5 40.0
19 20 21 22 23 249 25 26 27 28 28 a0 21 fovd e 34 35 36
Kl|Ca|[Sc |Ti |V |Cr|Mn|[Fe |Co| Ni |Cu[Zn|Ga|Ge | As | Se | Br | Kr
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Outline of today’s talk

= what is engineering?

= the future

= undergraduate education
= MIT science core

=> MIT Materials Science S.B.
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MIT Degree Requirements for S.B.

1st year common to all students

Engineering major 2nd, 319, & 4" years

6 Science Core subjects
18 Engineering subjects in the Major
8 Humanities, Arts, Social Sciences

= 4 subjects / semester

I N .
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MIT Science Core

mathematics: 2 semesters
physics: 2 semesters
chemistry: 1 semester

biology: 1 semester
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satisfying the chemistry requirement

1 Principles of Chemical Science (5.111)
taught by Dept. of Chemistry (5.112)

s focus is the molecule

¥ Intro to Solid-State Chemistry (3.091)
taught by DMSE

s focus is aggregates of molecules
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The vision of 3.091

1 prepares students for their majors

1 provides technical literacy

I - ij
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3.091 instruction

1 teaches the principles of chemistry
via the solid state

= engineering applications

1 integrates subject matter from
beyond chemistry

= context




3.091 overarching theme

electronic structure

chemical bonding

atomic arrangement
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syllabus of 3.091

@. General Principles of Chemistry

@. Solid State Chemistry:
Basic Concepts and Applications




syllabus of 3.091

* Introduction: taxonomy, stoichiometry

* Evolution of atomic theory: Bohr model of
hydrogen, Bohr-Sommerfeld model and
multi electron atoms, atomic spectra,
Heisenberg, de Broglie, Schrodinger

* The Periodic Table, Aufbau principle,
Pauli exclusion principle, and Hund’s
rules

I N .
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syllabus of 3.091

* Primary Bonding: ionic, covalent, metallic,
van der Waals

* Secondary Bonding: dipole-dipole, dipole-
iInduced dipole, London dispersion,
hydrogen

* The Shapes of Molecules: electron domain
theory

* Organic Compounds: nomenclature

I - ij
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syllabus of 3.091

* Crystal Structure: 7 crystal systems,
14 Bravais lattices, cubic crystals

* Characterization of Structure: x-rays,
electrons, neutrons

* Band Theory: semiconductors and devices
* Imperfections in Solids: point, line, surface

* Amorphous Solids: inorganic glasses (oxides,
metallic); organic glasses (polymers)

I - ij
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syllabus of 3.091

* Solutions: solubility rules, acids, bases, pH

* Biochemistry: amino acids, peptides and proteins,
lipids, nucleic acids, protein biosynthesis

* Oxidation-Reduction Reactions: electrochemistry,
corrosion, batteries & fuel cells

* Reaction Kinetics: rate laws, order of reaction,
effect of temperature

* Diffusion: Fick’s first and second laws
* Phase Stability: unary and binary phase diagrams

I - ij
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_WW_

* Thermodynamics: heats of formation,
entropy, free energy, chemical equilibria

* Coordination compounds: crystal field
theory, ligand field theory, organometallic
chemistry

* Lighter treatment of acids & bases,
chemical kinetics, electrochemistry

I - ij
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Snapshot of 3.091 Fall 2003

enroliment 625 (class size 1015)

lectures MWF (chalk & talk w/ AVs)
recitations TR (30 sections)

weekly sample problems w/ solutions

weekly 10-minute quiz
monthly test (aid sheet)

final exam (aid sheet)

I - ij
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Special Features of 3.091

1 concepts illustrated by examples

1 last 5 minutes each lecture on
Chemistry and the World Around Us

1 references to music, art, film, & literature

1 references to historical development of science:
people & times

= context
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Chemistry & the World Around Us

1 industrial practice — environmental impacts of
processes (metals extraction)
& products (automobiles)

1 energy generation and storage —
fuel cells & batteries

1 emerging technologies —
photonic devices & biomaterials

1 current research — at MIT and elsewhere
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Chemistry and Music

aqueous solutions: Water Music
band theory of solids: In the Mood, AC/DC

Moseley’'s law: Rondo alla Turca; Istanbul not
Constantinople

de Broglie, Heisenberg, Schrodinger:
Catch a Wave; Mack the Knife; Smooth Operator
Mendeléev’s periodic law: Polovtsian Dance Ne 17

X-rays: Love Theme from Superman, Andrea Chenier

quasicrystals: Take Five
polymers: Chain of Fools
DNA: The Twist
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Chemistry and Art

The Angelus

Jean-Francois Millet
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Chemistry and Art

Archaeoli al Re
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Chemistry and Art
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Chemlstry and Art

The Hallucinogenic
Toreador
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Chemistry and Art
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Chemistry and Film

I

Hengamin
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il il
worried
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e

THE GRADUATE

ANNE BANCROFT - DUSTIN HOFFMAN - KATHARINE RDSS
sHAM _ BUCK HENRY  PALL SIMON
AEL LAWRENCE TURMAN

hhhhhhh =
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Chemistry and Literature

1
WINMEE &0 TOC 2000 THNY AWARD® FOD BOST PLAY Nl

nPHﬂlﬂl COPENHAGEN

W b iy el BT
RLELE LI L e ]

| MICHAEL FRAYN
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Nobelists we have met in 3.091

Rdntgen 1901 Physics
eeman 1902
J.J. Thomson 1906
van der Waals 1910

von Laue 1914
the Braggs 1915
Planck 1918
Einstein 1921
Bohr 1922
de Broglie 1929
Heisenberg 1932
Schrodinger 1933
Davisson 1937
Paull 1945
Bloch 1952

Born 1954
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Nobelists we have met in 3.091

Arrhenius 1903 Chemistry
Rutherford 1908

Haber 1918

Nernst 1920

Urey 1934

Debye 1936

Hahn 1944

Seaborg 1951

Pauling 1954

Libby 1960

Watson, Crick, Medicine

Wilkins 1954
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Historical development of science: people & times

Wwomen In science: STUDIES OF ABUSE

w Cecilia Payne:
the Sun is made of hydrogen

@ Lisa Meitner:

« Rosalind Franklin:
the structure of DNA
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Student reaction? Before 3.091:

Oh, no!
Not more Chemistry!
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Student reaction now:

625/ 900 chose 3.091

= recruitment
- DMSE
- SOE
- MIT




generalizing the 3.091 experience

Why? The science core fails to measure up.

3 big shift after WWII from craft-based to
science-based engineering education

1 new science classes taught by science faculty

1 student reaction today:
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generalizing the 3.091 experience

Engineering faculty need to shape the science core.

1 What constitutes engineering science in
the 21st century?

1 The education of engineering students must
no longer be subordinated to “entitlements.”
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Next steps

1 companion HASS subject 21.021

= towards still greater
curricular integration

Fa\"" 2 "/ o2 \I7 "/ _\1/"_\
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21.021 syllabus

Lecture 1: Nature of Humanities, The Task of Writing, The Dream of Order.
Reading: Lambuth, The Golden Book on Reading, 1-43; Steven Shapin, “Pump
and Circumstance”, Social Studies of Science, 14 (1984), 481-520

Lecture 2: Trust.

Reading: Arthur Conan Doyle, “The Adventure of the Three Students”, 12pp.;
Harry Collins, “Ch. 3: Replicating the TEA-Laser”, Changing Order —
Replication and Induction in Scientific Practice, 51-78; Arne Hessenbruch,
“Calibration and Work in the X-ray Economy, 1896-1928", Social Studies of
Science, 30 (June 2000), 397-420.

Lecture 3: Politics.

Reading: Bruno Latour, “Give me a Laboratory and | Will Raise the World”, in
Mario Biagioli, The Science Studies Reader, 258-275; Michael Frayn,
Copenhagen. (Or watch DVD, 116minutes)
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21.021 syllabus

Lecture 4: High Culture.

Reading: Peter Gay, Weimar Culture — The Outsider as Insider, Ch. 4: “The
Hunger for Wholeness”, 70-101; Peter Galison, Ch. 1: “Buildings and the
Subject of Science”, 1-28 in Galison and Emily Thompson (eds.), The
Architecture of Science; skim through Paul Forman’s, “Weimar Culture,
Causality, and Quantum Theory, 1918-1927: Adaptation by German Physicists
and Mathematicians to a Hostile Intellectual Environment,” in Darwin to
Einstein: Historical Studies on Science and Belief, edited by Colin Chant and
John Fauvel (New York: Longman, 1980), pp. 267-302.

Lecture 5: Genius.

Reading: Robert Friedel, “Defining Chemistry: Origins of the Heroic Chemist”, in
Chemical Sciences in the Modern World, edited by Seymour Mauskopf, 20pp.;
A. Friedman and C. Donley, Einstein as Myth and Muse, Ch. 6: A myth
portrayed, 154-195; Steven Shapin, “The Invisible Technician”, American
Scientist, 77 (1989), 554-563.
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21.021 syllabus

Lecture 6: The Nobel Prize and Credit.

Reading: Bishop, “The Phone Call”, Ch. 1 in How to Win the Nobel Prize, 1-36;
that week’s announcements of winners on www.nobel.se; topical articles of that
week in New York Times.

Lecture 7: Science and the Public.

Reading: lwan Morus, “Two Experimental Lives: Faraday and Sturgeon”,
History of Science, 30 (1992), 1-28; Arne Hessenbruch, "Science as public
sphere: x-rays between spiritualism and physics", in Wissenschaft und
Offentlichkeit in Berlin, 1870-1930, edited by Constantin Goschler, Wiesbaden:
Franz Steiner Verlag, 2000, 89-126.

Lecture 8: Instrumentation and Material Culture

Reading: Hong Sungook, “From Effect to Artifact: the case of the thermionic
valve”, Physis 33 (1996), 85-124; Frederick Seitz, “The tangled prelude to the
age of silicon electronics”, Proceedings of the American Philosophical Society,
140 (1996), 289-337.
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21.021 syllabus

Lecture 9: Law and Regulation

Reading: Sheldon Krimsky, “A citizen court in the rDNA debate”, Bulletin of the
Atmic Scientists, 34 (1978), 37-43; Rae Goodell, “Public involvement in the
rDNA debate, the case of Cambridge, Massachusetts”, Science, Technology
and Human Values, 4 (1979), 36-43; Patricia Ewick and Susan Silbey, The
Common Place of Law — Stories from Everyday Life, 1-32.

Lecture 10: Risk

Reading: Harry Collins and Trevor Pinch, “The naked launch: assigning blame
for the Challenger explosion”, in The Golem at large, 30-56; Charles Perrow,
“Petrochemical Plants”, in Normal Accidents — Living with High-Risk
Technologies, 101-122; Sheila Jasanoff, “Acceptable Evidence in a Pluralistic
Society”, in Deborah Mayo and Rachelle Hollander (eds.), Acceptable Evidence
— Science and Values in Risk Management, 29-47.
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Next steps

Lecture 11: Large Technological Systems

Reading: Trevor Pinch and Wiebe Bijker, “The Social Construction of Facts and
Artifacts”, in The Social Construction of Technological Systems, edited by Bijker
et al, 17-50; Thomas Hughes, “The Evolution of Large Technical Systems”, in
ibid., 51-82; see movie Man in the White Suit (76 mins).

Lecture 12: Plastics and modern chemistry.

Reading: Jeffrey Meikle, “Plastics in the American Machine Age”, in The
Plastics Age, edited by Penny Sparke, 40-53; Barbara Marinacci (ed.), Linus
Pauling in his own words, Ch. 2 “What is Chemistry?” 43-54, Ch. 4 “Probing the
Chemical Bond” 67-90, Ch. 6 “Proteins Revealed” 112-134.

Lecture 13: Science Fiction

Reading: Michael Crichton: Prey, pp. 1-30 (try not to finish it!); H. G. Wells, “The
Time Machine”, Selected Short Stories, Penguin, 1979, 7-84 ; Donna Haraway,
“Cyborg Manifesto”, in Simians, Cyborgs, and Women: The Re-invention of
Nature, 149-181.
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21.021 syllabus

Lecture 14: Gender and Race

Reading: Haramundanis (ed.), Cecilia Payne-Gaposchkin: An Autobiography
and Other Recollections, “Part IV: Reflections”, 217-238; Evelyn Fox-Keller,
“How gender matters”, in Gill Kirkup and Laurie Smith Keller (eds.), Inventing
Women — Science, Technology and Gender, 42-56; Steven Rose et al, Not in
Our Genes, Chs. 1 & 2 “The New Right and the Old Determinism” and “The
Politics of Biological Determinism” 3-36.

Lecture 15: Overview and Conclusion.
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Still more next steps

1 laboratory accompaniment via
Materials Digital Library:

how many of the educational benefits
can be acquired without being in the

"~ .
2 o ¢
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Outline of today’s talk

=> what is engineering?
= the future
= undergraduate education

=> MIT science core
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Motivation: pushes & pulls

O disturbing trend in enrollment

® dissatisfaction among students:

* feel ill prepared (weak in math, quantum mechanics,
probability & statistics, k-space, numerical methods,
data analysis, design, leadership/management )

* find program boring (too easy, lacks rigor & context)

* no clear theme (no obvious sequence, much repetition,
no evident coordination)

* feel that faculty place lowest priority on u.g. program,
c.f. research, consulting, committee assignments

]
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Motivation (continued)

® drop in ratings in US News & World Report

® advances in information systems:
implications for engineering education?

® renovation of Building 8: unique opportunity
= |inking space changes to curricular changes

]
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Motivation (continued)

® drop in ratings in US News & World Report JMLEDE

Targeting the Right Schools
Buslding a Super Applcation

® advances in information systems:
implications for engineering education?

® renovation of Building 8: unique opportunity
= |inking space changes to curricular changes
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Opinions expressed by our faculty

@ need for context, applications, problem solving,
teamwork, communication skills, design-oriented
laboratory

® prepare students for multiple career paths: grad
school, terminal SB, professional schools, etc.

® move towards integrated education
= |ook at other departments in SoE

® 18.03 (differential eq"s) does not meet our needs

]
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The Process and Timeline

©® department head (Subra Suresh) names a leader
(Donald Sadoway)

® brainstorming among committee members

® data gathering among different stakeholders

® committee develops draft program at the level of
storyboards and presents to the entire faculty for
discussion

® faculty teams tasked to develop syllabuses for suites of
subjects by semester

]
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The Process and Timeline

® adoption of syllabuses by entire faculty
= green light to develop subject contents at the
level of lecture topics

@ development of subject content with close
iInteraction with coordinators, e.g., math, lab,
professional development

® communication with various Institute committees to
prepare for necessary approvals

]
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The Goal of a MSE Education




The Course of Study
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ABET’s Educational Outcomes

from Engineering Criteria 2000

Engineering programs must demonstrate that their graduates have:

(a)
(b)
(c)
(d)
(e)
(f)
(2)

(h)

(1)
(1)
(k)

an ability to apply knowledge of mathematics. science. and engineering

an ability to design and conduct experiments, as well as to analyze and interpret data

an ability to design a system, component, or process to meet desired needs

an ability to function on multi-disciplinary teams

an ability to identify, formulate, and solve engineering problems

an understanding of professional and ethical responsibility

an ability to communicate effectively

the broad education necessary to understand the impact of engineering solutions in a global
and societal context

a recognition of the need for, and an ability to engage in life-long learning

a knowledge of contemporary issues

an ability to use the techniques. skills. and modern engineering tools necessary for
engineering practice.
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Pedagogical Considerations

(crosstalk)

= need-to-kno ontent:
just enough
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Alumni survey says:

Mean Expected Proficiency and Frequency of Use
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Alumni survey says:
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Alumni survey says:
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Core Technical Knowledge

synthesis
&
processing

composition
&
structure

blocks

properties
&
performance
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Storyboard Fall Year 2

energetics energetics energetics

laboratory

laboratory
—

laboratory

structure structure structure

orientation
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Schedule - Fall Year 2

Fall Yd ™ T W Th

Sept

Laboratories .
Orientation .

Vacation days .
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10

12

A WON -

Schedule - Fall Year 2

M T W
3.012 3.012
3.012 3.012
3.016 3.016

Sadoway

3.012
3.012

3.016

The University of Tokyo

Lecture
Recitation [

C2$/:
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Schedule - Fall Year 2

M T W R F

8

9 Lecture

10

11 Recitation [
12

1 3.016 3.016 Laboratory -
2

3

4
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Sample Storyboard - Fall Year 2

Orientation: What is MSE?
Materials & History

Current Trends in the field of MSE
Career Opportunities & Pathways

Unifying Theme of Course 3

R

= view of the “big picture”

= motivated to study fundamentals
= esprit de corps

7o

]
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Sample Lecture Plan - Fall Year 2

09/18 |Building QUANTIZATION OF ENERGIES, HOW DO WE CONNECT  |Multivariate calculus
descriptions of JAND THE BIRTH OF THE ATOMS AND partial derivatives
solids from the INTERACTIONS MOLECULES OF A extrema of
ground up -boundary conditions - quantization MATERIAL TO multivariate functions

of energies: the infinite well THERMODYNAMIC integrating

-well becomes finite — electrons FUNCTIONS? multivariate functions
Spread out -the use of simple models to [Need series

-two wells getting closer... consider many atoms in a approximations here?
Application Example: stationary  |material -ODE

waves in organ pipes and drums. -introduction to microstates  Boundary conditions
Tunneling behavior of electrons microstates and energy:  |separation of variables
(STM). role of heat: energy levels are

ixed; occupation changes!
averaging, ensembles, and
he premise of statistical
mechanics (two postulates of
tat mech)
our first prediction, using the
microcanonical ensemble:
behavior of an ideal gas
pplication Example: How
oes our calculation compare
ith the behavior of real
ases?
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New Undergraduate Laboratory

8-107

UNDERGRADUATE TEACHING LABORATORY

DEPARTMENT of MATERIALS SCIENCE
AND ENGINEERING

I - ' “[{‘;
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New Undergraduate Laboratory
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Compare to this typical scene
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Compare to this typical scene
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Sadoway

Much better!

The University of Tokyo
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Storyboard Spring Year 2

Kinetics of ustructure evolution

Iabo?atory
laboratory
laboratory

electronics photonics magnetics

elective

I - {%’
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Schedule - Spring Year 2

Spring Y2

24

18 (M sch.)

25

26

27

28

March

d

30

14

<
N
o
N
©
n

Sadoway

The University of Tokyo

Laboratories .
Vacation .
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Storyboard Fall Year 3

materials to stress

response

laboratory
laboratory
laboratory
Iabo?atory

organic materials chemistry

elective

[T —— . |
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Storyboard Spring Year 3

processing +econ. &
environ.

materials

laboratory
laboratory
laboratory

iInorganic materials chemistry

elective

[T —— . |
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Restricted Electives: “Frontiers of the Field”

4. much greatelf expog and faculty

]
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Storyboard - Fall Year 4

14 weeks

time —

‘; .\
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Storyboard - Fall Year 4

14 weeks

time —

‘; .\
I . e
I I I Sadoway The University of Tokyo July 23, 2004 lj‘



Storyboard - Spring Year 4

RE7 RES8 RE9

choice of capstone activity:

- senior thesis

- Industrial internship

- Interdisciplinary design studio

- educational design project: new lab module

14 weeks

time —
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High Resource Intensity

=> |abs are very costly!
- hire full-timedab manager

= double-teaming offaculty

- share workload
- student exposure
- enable’synergy
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Timeline to Fall 2003 Launch

Spring 2003
- lecture|pl

- laboratQr

Summer 200
- finalize conte
- curriculu

Fall 2003
- launch Y2
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Timeline to Fall 2004 Launch

Spring 2004
- lecture|pl

- laboratQr

Summer 2004
- finalize conte
- curriculu

Fall 2004
- launch Y3

July 23, 2004



Initial Student Reaction

Good ©

= |nterleaving labs and lectures
helps drive .heme/.cancepts

=> crosstalk between lectures

Bad ®
=> scheduling in blocks
=> |lack of flexibility
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What is education?

Education is what remains
when you’ve forgotten all your
schooling.

- Benjamin Franklin
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A good education

solutions to problems
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A better education

methodology
for developing
solutions to problems
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A great education

methodology
for developing
methodologies

July 23, 2004



...in the final analysis

= new performance metrics
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Our mission:
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