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What is an engineer?

What does the Oxford English Dictionary say?

1.One 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  Coer de L. 
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engineer

“engineer” and “ingenious”

have the same root   
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Civil engineering



The University of Tokyo                                 July 23, 2004Sadoway 

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

biomedical devices transportation



The University of Tokyo                                 July 23, 2004Sadoway 

An important distinction

A scientist discovers that 
which exists.

An engineer creates that 
which never was. 

- Theodore von Kárman
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the future

Prediction is very difficult,  
especially about the future.

- Niels Bohr
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futureworld: the 3 big Os

bio
nano

eco

infoadvanced 
materials
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imagine the future
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imagine the future
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Quantum dots in action

photo:   F. Frankel
research:  M. Bawendi
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“Flatland” or “face value”
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MIT Degree Requirements for S.B.

1st year common to all students 

Engineering major 2nd, 3rd, & 4th years

6 Science Core subjects

18 Engineering subjects in the Major

8 Humanities, Arts, Social Sciences 

4 subjects / semester 
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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

Principles of Chemical Science (5.111)

taught by Dept. of Chemistry (5.112)
� focus is the molecule

Intro to Solid-State Chemistry (3.091)

taught by DMSE 
� focus is aggregates of molecules
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The vision of 3.091

prepares students for their majors

provides technical literacy 
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3.091 instruction 

teaches the principles of chemistry 
via the solid state  

 engineering applications

integrates subject matter from 
beyond chemistry  

 context
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3.091 overarching theme

electronic structure

Ð

chemical bonding

Ð

atomic arrangement
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syllabus of 3.091

. General Principles of Chemistry

. Solid State Chemistry: 
Basic Concepts and Applications
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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, Schrödinger

* The Periodic Table, Aufbau principle, 
Pauli exclusion principle, and Hund’s
rules
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syllabus of 3.091

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

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

* The Shapes of Molecules: electron domain 
theory

* Organic Compounds: nomenclature
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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)
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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
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omissions from 3.091 
syllabus

* 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
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Snapshot of 3.091 Fall 2003

enrollment 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)

time to reflect
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Special Features of 3.091

concepts illustrated by examples 

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

references to music, art, film, & literature

references to historical development of science:
people & times

context
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Chemistry & the World Around Us

industrial practice – environmental impacts of 
processes (metals extraction) 

& products (automobiles)

energy generation and storage –
fuel cells & batteries

emerging technologies –
photonic devices & biomaterials

current research – at MIT and elsewhere



The University of Tokyo                                 July 23, 2004Sadoway 

Chemistry and Music
aqueous solutions: Water MusicWater Music

de Broglie, Heisenberg, Schrödinger: 
Catch a Wave; Mack the Knife; Smooth OperatorCatch a Wave; Mack the Knife; Smooth Operator

band theory of solids: In the Mood, AC/DCIn the Mood, AC/DC
Moseley’s law: Rondo Rondo allaalla TurcaTurca; Istanbul not  ; Istanbul not  

ConstantinopleConstantinople

Mendeléev’s periodic law: PolovtsianPolovtsian Dance Dance №№ 1717
x-rays: Love Theme Love Theme fromfrom Superman, Andrea Superman, Andrea ChenierChenier
quasicrystals: Take FiveTake Five
polymers: Chain of FoolsChain of Fools
DNA: The TwistThe Twist
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Chemistry and Art
The Angelus 1857-1859

Jean-François Millet
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Chemistry and Art
Archaeological Reminiscence

of Millet’s Angelus
Salvador Dalí
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Chemistry and Art
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Chemistry and Art

The Hallucinogenic 
Toreador
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Chemistry and Art
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Chemistry and Film

absinthe + water:
partial solubility

the quintessential
polymer reference
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Chemistry and Literature

Tony Award winner 2000
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Nobelists we have met in 3.091
Röntgen 1901 Physics
Zeeman 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
Schrödinger 1933
Davisson 1937
Pauli 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

� Cecilia Payne: 
the Sun is made of hydrogen

� Rosalind Franklin: 
the structure of DNA

� Lisa Meitner: 
nuclear fission

Women in science: studies of abuse
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Student reaction? Before 3.091:

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

recruitment
- DMSE
- SoE
- MIT

& & 625 / 900 chose 3.091



The University of Tokyo                                 July 23, 2004Sadoway 

generalizing the 3.091 experience

Why? The science core fails to measure up. 

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

new science classes taught by science faculty

student reaction today: / 1 � 0
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generalizing the 3.091 experience

Engineering faculty need to shape the science core.

What constitutes engineering science in 
the 21st century? 

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

companion HASS subject 21.021

towards still greater 
curricular integration
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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 I 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: Iwan 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 
Öffentlichkeit 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.



The University of Tokyo                                 July 23, 2004Sadoway 

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

laboratory accompaniment via 
Materials Digital Library: 
how many of the educational benefits 
can be acquired without being in the 
lab?
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Motivation: pushes & pulls

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
linking space changes to curricular changes 
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Motivation (continued)

advances in information systems: 
implications for engineering education?

drop in ratings in US News & World Report

renovation of Building 8: unique opportunity
linking 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 
look at other departments in SoE

18.03 (differential eqns) does not meet our needs
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The Process and Timeline 

department head (Subra Suresh) names a leader 
(Donald Sadoway) 6/01

brainstorming among committee members fall 01

data gathering among different stakeholders spring 02

committee develops draft program at the level of 
storyboards and presents to the entire faculty for 
discussion 2/02 and 5/02

faculty teams tasked to develop syllabuses for suites of 
subjects by semester 5/02
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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 1/03

development of subject content with close 
interaction with coordinators, e.g., math, lab, 
professional development  1/03 through present

communication with various Institute committees to 
prepare for necessary approvals 1/03 through 6/03
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The Goal of a MSE Education

to educate specialists 

in the development and use 

of materials in technology

Our mission statement
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The Course of Study

professional development 

core technical knowledge

capstone activity 

meets ABET specifications
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ABET’s Educational Outcomes

from Engineering Criteria 2000
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Pedagogical Considerations

integration of subject matter (crosstalk)

need-to-know delivery of content:
just in time and just enough

reinforcement via application

high sticking coefficient
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Alumni survey says:
Mean Expected Proficiency and Frequency of Use
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Expected Proficiency: 0 To have essentially no knowledge of,  1 To have experienced or been exposed to,   2 To be able to participate in and 
contribute to, 3 To be able to understand and explain, 4 To be skilled in the practice or implementation, 5 To be able to lead or innovate in.
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Alumni survey says:
Source
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Alumni survey says:
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Core Technical Knowledge

synthesis
& 

processing

subject matter falls into 3 blocks

composition
&

structure

properties
&

performance
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Storyboard Fall Year 2 
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Schedule - Fall Year 2

Laboratories

Orientation

Vacation days

Fall Y2M T W Th F

Sept Orientation    4 Orientation    5 Orientation    6

9 10 11 12 13

16 17 18 19 20

23 24 25 26 27

Oct 30 1 2 3 4

7 8 9 10 11

14 15 16 17 18

21 22 23 24 25

28 29 30 31 1

Nov 4 5 6 7 8

11 12 13 14 15

18 19 20 21 22

25 26 27 28 29

Dec 2 3 4 5 6

9 10 11
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Schedule - Fall Year 2

M FT W R

Lecture

Recitation

9
10
11
12
1
2
3
4

3.012

3.012

3.012

3.012

3.012

3.012

3.016 3.016 3.016
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Schedule - Fall Year 2

M FT W R

8
9

10
11
12
1
2
3
4

3.014

3.014

3.014

3.014

3.014

3.014

3.014

3.014

3.014

3.014

3.014

3.014
Lecture

Recitation

Laboratory3.016 3.016 3.016
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Sample Storyboard - Fall Year 2

Materials & History

Current Trends in the field of MSE

Career Opportunities & Pathways

Unifying Theme of Course 3

view of the “big picture”
motivated to study fundamentals
esprit de corps

first week

Orientation: What is MSE?
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Sample Lecture Plan - Fall Year 2
09/18 Building 

descriptions of 
solids from the 
ground up

QUANTIZATION OF ENERGIES, 
AND THE BIRTH OF 
INTERACTIONS
-boundary conditions Æ quantization 
of energies: the infinite well
-well becomes finite – electrons 
spread out
-two wells getting closer…
Application Example: stationary 
waves in organ pipes and drums. 
Tunneling behavior of electrons 
(STM).

HOW DO WE CONNECT 
THE ATOMS AND 
MOLECULES OF A 
MATERIAL TO 
THERMODYNAMIC 
FUNCTIONS?
-the use of simple models to 
consider many atoms in a 
material
-introduction to microstates 

microstates and energy: 
role of heat: energy levels are 
fixed; occupation changes!
-averaging, ensembles, and 
the premise of statistical 
mechanics (two postulates of 
stat mech)
-our first prediction, using the 
microcanonical ensemble: 
behavior of an ideal gas
Application Example: How 
does our calculation compare 
with the behavior of real 
gases?

-Multivariate calculus
partial derivatives
extrema of 

multivariate functions
integrating 

multivariate functions
Need series 
approximations here?
-ODE
-Boundary conditions
-separation of variables
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Laboratories

~200 m2 additional space 

new equipment

new content:
- biomaterials
- chemical synthesis
- elec. mat. characterization
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New Undergraduate Laboratory
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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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Much better!
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Laboratories

Communcations

Report formats

emphasis: 

memo

journal article

technical report

oral presentation

lab books graded
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Storyboard Spring Year 2 

electronics la
bo

ra
to

rykinetics of

time 

photonics

µstructure evolution

magnetics

elective

la
bo

ra
to

ry

la
bo

ra
to

ry

un
its
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Schedule - Spring Year 2
Spring Y2

Feb 4 5 6 7

10 11 12 13 14

17 18 (M sch.) 19 20 21

24 25 26 27 28

March 3 4 5 6 7

10 11 12 13 14

17 18 19 20 21

24 25 26 27 28

April 31 1 2 3 1

7 8 9 10 11

14 15 16 17 18

21 22 23 24 25

May 28 29 30 1 2

5 6 7 8 9

12 13 14

Laboratories

Vacation
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Storyboard Fall Year 3 

time 

un
its

organic la
bo

ra
to

rymaterials

materials

response to stress

chemistry

elective
la

bo
ra

to
ry

la
bo
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to

ry

la
bo
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to

ry
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Storyboard Spring Year 3 

inorganic la
bo

ra
to

rymaterials

time 

materials

processing + econ. & 
environ.

chemistry

elective

la
bo

ra
to

ry

la
bo

ra
to

ry

un
its
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Restricted Electives: “Frontiers of the Field”

- subjects running 4 - 7 weeks (also Parts 1, 2, etc.)

- content builds on core and 

moves to the frontiers of the fieldfrontiers of the field

- shorter period has many advantages:

1. lowers barrier to innovation

2. avoids repetition and stretching

3. more likely to sustain student interest

4. much greater exposure to topics and faculty
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Storyboard - Fall Year 4

RE4 RE5 RE6

RE1 RE2 RE3

un
its

14 weeks

time 
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Storyboard - Fall Year 4

RE3 RE4

RE1 RE2

un
its

14 weeks

time 
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Storyboard - Spring Year 4

choice of capstone activity:
- senior thesis
- industrial internship
- interdisciplinary design studio
- educational design project: new lab module

RE7 RE8 RE9

un
its

14 weeks
time 
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High Resource Intensity

labs are very costly!
- hire full-time lab manager

double-teaming of faculty
- share workload
- student exposure
- enable synergy
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Timeline to Fall 2003 Launch

Spring 2003
- lecture plans of Y2
- laboratory content of Y2

Summer 2003
- finalize content of Y2
- curriculum development of Y3 

Fall 2003
- launch Y2 and open new teaching lab
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Timeline to Fall 2004 Launch

Spring 2004
- lecture plans of Y3
- laboratory content of Y3

Summer 2004
- finalize content of Y3
- curriculum development of Y4 

Fall 2004
- launch Y3  
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Initial Student Reaction

Good ☺
interleaving labs and lectures 

helps drive home concepts
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
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…in the final analysis

today’s students need to be engaged 
if they are to learn    contextcontext
engineering schools need to learn to 
value curriculum development as they 
value research accomplishments

new performance metricsnew performance metrics

University of Tokyo + MIT together
can play a role in shaping curriculum   

partnershipspartnerships
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Our mission:
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