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Abstract — This author summarizes the insights he gained
from preparing teaching material for his courses on
“nanotechnologies” for over a decade at both the wtergraduate
and graduate student levels at a research univergit A distinction
is made between advanced courses that can be cléissi as some
kind of workforce training and 300 level undergradiate courses
that are mainly concerned with the development of riical
thinking skills as part of inter- and trans-disciplinary science and
engineering education. Didactic uses of 3D printednodels in
introductory nano-tech/science courses are mentiode Informa-
tion on how to obtain the print files of such moded is included.
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|. INTRODUCTION

be technological fixes to all problems of humaniesties, and
the nature of technological progress. Also disaligsewhat
has been presented under the umbrella term “namuodéagy”
in the popular culture. When applicable, the psesmentific
nature of the underlying ideas is carefully revéalad science
separated from science fiction.

Il. ATOMICALLY PRECISEMANUFACTURING FACT ORFICTION?

The only “nanotechnology” that most students argaity
aware of is of the “Drexlerian universal assembdmlicator
(nanobot)” [8] and “nanofactory” [9] variety. Th@wurse work
assignment of the introductory 300 level coursetisyefore,
the students’ own analysis of the “Drexler-Smaliigpate” on
the basis of Rudi Baum’s 2003 article [10] where Exrexler
and Chemistry Nobel Laureate Richard Smalley pretwir

The author of this paper has been engaged with th@guments (without higher-level technical detaifs)a dialog

teaching of nano-science,
engineering, as well as nano-technologies subgck®th the
undergraduate and graduate student levels forapdecade [1-
5]. His advanced undergraduate/graduate courseotinttion

to nano-materials science and engineering” has pasrof the
curriculum of a PhD program in Applied Physics fiaore than
ten years and may be classified as some form okfoae

training. As that course has already been desciibfld seven
years ago, it will not be discussed here. That smunas

nano-materials sciencel anVith each other but can only agree to disagree.

It is interesting to note that Drexler shifted #maphasis of
his “teachings” in the year 2004 from the by theghly
controversial “assembler/replicator” that may aeaiglly
generate “gray goo” and end life on earth [8] te kbss scary
and allegedly highly productive atomically precisanufac-
turing in a “nanofactory” [11]. No technically sadimbjective
was given in [11] for this change of the visionaryind, who
has been dubbed the “Apostle of Nanotechnology]. [IBere

recently been complemented with an advanced undefzere no experimental proofs of concept for eithehis ideas

graduate/graduate course on “Materials Physics'Wé]ch is a
part of the curriculum of the same PhD program.

The author’s 300 level undergraduate courses argh®
other hand, part of the general education currioukt his
research university [2-5]. While a group of faculhembers
from the departments of Electrical and Computerifgeying,
Biology, and Physics offered a sequence of thram-tech
courses and a laboratory in the past [3-5], theeraent of one
colleague reduced the number of currently existiogrses to
two, i.e. “Introduction to Nanoscience and Nanotextbgy”,
and “From Nanoscience to Sustainable Nanotechredbgi

These two courses are not intended to constitutes dond
of workforce training because they can be takemiy junior
in good standing regardless of her or his major anibrs.
This feature of these courses attracts students fr@ whole
university and many different walks of life. Theucse with
“introduction” in the title is typically taken fitsand deals to a
large extent with the clearing up of misconceptitvet many
students initially have about the relationshipsieein science
and technology, science and pseudo-science, regahesring
and “exploratory engineering” [7], the illusion théere will

by that time and still none exist at the presemeti The gray
goo scenario was/is not disproven either, but justame
yesteryears news. Perhaps shifting doctrines id ywiaphets
have to do from time to time to stay in businetss too early
to tell if Drexler has by now abandoned his mechsyr@hesis
fantasy and is trying to establish his “exploratengineering”
[7] concept in order to disguise a renewed shiftantrines.

Much cited pseudo-evidence in favor of Drexlersirgt
vision are numerous experimental demonstrationsesite
early 1990s that allegedly “individual” atoms andadl
molecules can be moved with the tip of a scannimmeling
microscope that is controlled by a human operat8t. [Left
out of the casual discourse are often the veryiapgtificial)
environments in which these atoms or small molecwere
moved, i.e. ultralow temperatures, ultrahigh vacuusnd
surfaces of precious or semi-precious metal crystal

Physics Nobel Laureate Richard Feynman was suighy r
when he stated in 1959 that theoretical physics do¢ forbid
the moving of individual atoms by human beings [Bjt that
does by no means imply that an all encompassirfintdogy



as proclaimed by Drexler could in an economica#gadible
manner be built on that fact. Physics Nobel Lagrddans
Dehmelt is also right when he categorically states these
kinds of demonstrations are not about individualmet or

molecules and their movements at the discretioa dfiman
being because the essence of these kinds of exgédmre a
crystal surfaceéwith pimples on it” [15], see endnof& for

longer quotes from Dehmelt in this matter. In otiverds, the
essence of these kinds of experiments is gagtenormously
complicated quantum mechanical entity, i.e. thensite

probe tipplusthe atom or small molecufdus the precious or
semi-precious metal crystal underneath and toithes s

Technologies are always conditioned on the prencasitate
of economic prosperity and the wider needs of $pciand
individual customers alike. So the question arigagn that it
is an exceedingly expansive (hubristic) proposittonmove
individual atoms around in order to build any kiofldevice
that might be useful in the macroscopic world thamans
inhabit, is there any problem in society that caly e solved
by doing so? Similarly, does atomically precise anfaoturing
of everyday goods havenything to offer for mankind? As
most of my students are aware of the concept obke,nie.
assemblies of atoms on the order of magnitu&gvmighing a
gram to some 200 grams, the answers to these guegtom
the vast majority of the students of this nano-#sgbnce
educator are overwhelmingly negative after somecgdn.

Dealing with this particular misconception seemshave
become a permanent fixture in the job of a nanb/tetence
educator who wants to foster critical thinking ierhor his
students. In spite of thorough debunkings of Dnéxlgision
over more than 20 years [17-25], an allegedly siierarticle
still appeared in the year 2017 that stated withaoy
references to experimental proofs of principle wtrlkt had
actually been accomplishedOhce a specific “bottom-up”
process for building atomically precise structuress been
worked out, the design of
nanofabrication systems closely resembles
engineering ... reactions are performed by a “molacuhill”,
in which the reactants are held in accurate origiatas by jigs
on belts and then pressed together at the propgleaand
force. The belts move as the reaction occy®j, see also
endnot&®.

lll. VIRTUAL VERSUSREAL REALITY

Another issue this nano-tech/science educator thas
“artifiicia

contend with is the projected primacy of
intelligence” (Al) over humanity in the near futurd 2008
opinion piece by former editor-in-chief dlired magazine
Chris Anderson proclaims, for example, that theerstific

method is obsolete simply because Google exists [®hile

this idea was rebutted on philosophical [28] andstemo-
logical [29] grounds, it mds
that this might indeed be the case. It is the mvemess of
these kinds of ideas in the popular culture thafifyjuthem for
coverage in courses that aim at the developmentrit€al

thinking skills.

new nanomachines anu
mechanic&g. 1: Results of a survey of the MIT Technologgview [34] about the

seem to some young students

exemplified by Moore’s law came to an end [31] @& fgears
ago. In popular culture and the science fiction rgerhis

progress continues and will allegedly lead withie students’
lifetime all the way to “immortality/transhumanisrby means
of “mind uploading”, and the “technological singttg’. As

the public cannot be fooled forever about the falcend of
Moore’s law, it seems to be the case that spectaelvances
in software, i.e. general Al, are now called fogtaarantee the
reaching of these futuristic goals within a few aldes. Almost
needless to S?J)ézthat these are unscientific exttipos of a
pseudo-religiod? character which may well be neither
achievable nor desirable [33].

Human intelligence surpassing “superintelligence”
(general/strong Al) is according to recently polled
researchers not imminent to appear within the medade
[34], see Fig. 1. With a total of 92.5 % of the enp putting
the realization of that kind of software capal@ktimore than a
quarter of a century or indefinitely into the fuguclearly there
are much more pressing issues to be dealt with inogbciety
and nano-tech/science classrooms.

When Will Superintelligence Arrive?
A survey of Al researchers shows they think it's still a long way off.
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feasibility of superintelligence in the future tchieh eighty fellows of the
American Association for Artificial Intelligence ntributed.

IV. INCREMENTAL AND EVOLUTIONARY NANO-TECH LEADING

INTER ALIA TO FUNCTIONING MOLECULAR MACHINES

Besides fostering the clearing up of the above ioeetl
misconceptions in his classes, this nano-tech/seiedlucator
distinguishes between incremental and evolutiomanyo-tech
on the one hand and non-existing (fantastical/[@mgah)
radical “nanotechnology”, on the other hand. Inceatal
nano-tech [23] is to a very large degree contemgoraterials
science and engineering (MSE) [35] so that the dppiy
arises to introduce the students to this field vhilnning a
nano-tech/science course. Evolutionary nano-te8tB8§} can
be considered to be at the forefront of MSE, modgoplied
physics, macro- and supramolecular chemistry, sfitttand
structural biology, as well as nano-crystallograpitike [36].
Based on multiple incremental advances, evolutpmano-
tech leads to successive generations of usefufactsl
products including non-Drexlerian molecular mackifa7].

Many students have also not realized that the peape The key to progress is thereby always the apptinatif the
progress in computing hardware they grew up with ascientific method.



The science behind the 2016 Nobel Prize in CheynistrV. EMPLOYING LAKATOS' CONCEPT OFGAUGING PROGRESS

award to Jean-Pierre Sauvage, Sir J. Fraser Stodaizd

Bernard L. Feringd;for the design and synthesis of molecular
machines"[38] by means of their self-assembly provides B

good example of evolutionary nano-tech that utilize
“mechanical bonds” (as coined by &iiFraser himself) as well
as both covalent and non-covalent bonds. It isrefbee,
discussed in our classes.

The left hand side of Fig. 2 shows a 3D printed ehad a
“Solomon link” molecule” [40] that features suchnas in the
hands of one of this author's colleagues. A virtoadlity
visualization of this particular molecule as creaeom a
Crystallographic Information Framework (CIF) filat is in
open access [41], utlizing an openly accessibledaivs
executable program [42] is shown on the right hsidd of that
figure. Such links are in popular culture referteds Solomon
Knots [43], see top-right inset in Fig. 2, aftemiiSolomon of
the Old Testament. While a Solomon link molecules iest
synthesized in the year 1999 by Sauvage’s groumdatt's
group created such a molecule in the year 2007 tbgnaition
metal-cation template directed twelve-component f- sel

assembly process followed by a kinetics controtlagtalliza-
tion process that resulted in a racemate [44].

Fig. 2: Left: Office administrator Laurie Tull oh¢ author's department at
Portland State University holding a 3D printed modE a Solomon link
molecule [40]. Right: The same Solomon link molecatk represented by a
CIF file [41] read into the CIF2VRML program [42lvhich allows for the
creation of 3D print files. Inset (top right): Pbobf a Roman “Il nodo di
Salomone” mosaic, featuring a King Solomon Knotuftesy of an on-line
article at https://phys.org [43]).

In the context of this author’'s 300 level nano-tsctence
courses, a molecular Solomon link molecule (and 3B
printed model, Fig. 2) is an illustration of whadshalready
been possible to create by chemical synthesis abseguent
crystallization roughly a decade ago [40]. Thisrepke is at
odds with the claims by Drexler followers that aatdondoid
mechano-synthesis” approach to creating molecukhimes
(based on covalent bonds only) will be the domintatabrica-
tion method of the future and that its productd ¢eVentually?
or perhaps in 2026/2027, by the time of th& B@niversary of
Drexler's vision [12,15]) even surpass the perfanoga of
biological macromolecule-machines and their supotepular
assemblies, e.g. ribosomes [23], as far as thainirgg of the
phenomenon of life on earth goes. Note in this ectian that
Drexler conjectured in the year 1992 that abouyddrs would
suffice for some noticeable uprooting of advancgutteetic
chemistry by his brand of mechano-syntheses [15].

BY COMPARISONS OFCOMPETING “RESEARCHPROGRAMS'’

The example of the last section allows this nano-
h/science educator to bring some philosophyiehse into
the classroom. Imre Lakatos’ central thesis of prsg on the
basis of the competition of “research programs®. (sophisti-
cated methodological falsificationism, as explaineg the
master himself in a BBC broadcast in 1973 [45]used in
class to contrast Sauvage - Stoddart - Feringa INBhze
winning science that resulted in functioning molacu
machines from Drexler’'s fantasies (that essentiabulted in
both excitement and confusion of the general publRy
employing the scientific method (that Anderson rokito be
obsolete [27]), the research programs of the tidkemistry
Nobel Laureates are demonstrably progressive,esiéad on
an ongoing basis to predictions that withstandiffedgion by
the observations of the end results (artifacts)raifonally
designed synthetic routes.

Drexler's (pseudo-)research program, on the othedhis
demonstrably regressive, as it has not ledrig observable
nano-structured real-world artifact for over 40 ngeaOut of
Drexler's program came so far only a bunctsiofiulationsof
hypothetical “machine parts” which one could cadltificial
molecules” as they are atomically precise per aesig
keeping with his mechanical engineering backgroexler
even designed an atomically precise analog comgater
Some of the hypothetical nanomachine parts thatxlBre
simulated might actually be stable in the real dambk they
were evaluated with quantum simulation softwarecdBee
that software can not be refined with insight tivauld result
from the experimental testing of the simulated te#iin the
intended working environments under real-world Gtols,
one cannot claim that these kinds of simulationsstitutereal
(as opposed to imaginary) scientific progress.

Most importantly, there is a complete lack of mekhdo
produce these hypothetical nanomachine parts aadstemble
them into something much bigger that could be us&fu
human beings. Drexler's mechano-synthesis itse#f haver
been simulated; only hypothetical results of sucyathesis
exist so far. By ignoring all real world detailschuas the
nature of the quantum mechanical problem of maatmg
individual atoms in some real world environmentge otan
surely program a stream of bits to create any kafd
“propaganda” on a computer screen [46]. Despite Hign
level of sophistication of a related video from tNanorex
Corporation, most of the students of this nano/taibnce
educator are not convinced after “seeing” and disicig
“Drexler’'s nanofactory” in action [46] in the classm that it
has actually anything to do with the real world.

Most students realize in class the obvious, i.at th
electronic bits are not atoms and both types dfientbelong
to completely different domains. As nobody seemisaee any
idea at present what form a method to do “mechgnthssis”
with real-world atoms could take, Drexler's wholeogram
seems to be doomed. Note that any such method wegtdre
complete mastery of the enormously complicated tuman
mechanics of multiple chemical and physical intéoas.



VI. FEYNMAN’S FORESIGHTS VERSUPDREXLER' S VISION

Feynman’s response [47] to Drexler's vision may eéhav
been [18] him classifying it dsargo cult science®®. Edward
Regis referred to Drexler as one of the worlfiisest hubristic
thinkers” [49]. From the following direct quote, it is cletnat
Drexler resents being held to the standards ofsthentific
method: “critics will” ... “deny that anything short of a
physical demonstration can provide solid evidence the
feasibility of something new like molecular mantifeog”.
[15]. Note in this connection that Drexler coindtk tword
“exploratory engineering” [7] around the year 20dJorder to
exempt himself from being held to such standardey A
scientist and most likely almost any practicing iaagr will,
however, do precisely that whenever she or he wangguge
real scientific and technological progress! Thibézause the
scientific method has time and again been provehetdhe
most reliable way to obtain both knowledge aboet world
and a better life for human beings. “Exploratorgieeering”
[7], on the other hand, is just a fancy new word loth
computer-assisted science fiction and armchairudptans.

It is somewhat tempting to associate Drexler’'s toraf
nanotechnology” [8-11] with the techno-science emof the
philosophy of science [50,51], but that woustill require that
experimental proof of principle demonstrations exather
than mere simulations. Techno-science has beetifiddrwith
“what happens to the sciences once an engineerimgality
gets hold of them’and “theorizes things as simple so as to
render a world that is subject to technical contr¢b0]. By
means of an embracing of the techno-science ladal,nano-
tech achievements that made it onto the coverdgbfdtatus
scientific journals can often be summarized a& ‘made a
nanowidgetin thereal worldrather than just simulated it [51].

Because of the above mentioned lack of tangiblecrnes
of Drexler's (pseudo-)research program, his clainbe taken
seriously rests largely on his assertion that wWiefproposes
follows naturally from Feynman'’s after dinner tdlid] at a
meeting of the American Physical Society in thery&a59.
This is actually a gross misrepresentation! Feynmas most
of the time talking about what became to be knowmnécro-
electro-mechanical systems (MEMS). His famous aftaner
talk was, therefore, republished in the first voduraf the
Journal of Microelectromechanical Systemsthe year 1992.
The second volume of this journal published a sedatk [52]
that Feynman gave in the year 1983 [15].

That talk had “There is Plenty of Room at the Buaito
Revisited” as alternative title and was largely cemned with
guantum computing [52]. Feynman stated in that rse:dalk
that he couldhot foreseeany genuinely useful application of
individual “micro/nano-machines” [15,53]. He hadeady put
syntheses of individual molecules by not precisstgted
“physical means” so far into the future in his 19%% that
chemist would by then haviigured out how to synthesize
absolutely anything, so that this will really beeless”[14].

One can only speculate why the great physicistrpwo
rated ideas from science fiction into his afterndintalk [14].
That he did is without question! Robert Heinleinl942
novella “Waldo” and Feynman’s friend Albert Hibbserg
actually the inspiration for his idea of human hadntrolling

smaller robotic hands, which control even smallebotic
hands and so forth until individual atoms and moles could
allegedly be manipulated by the tiniest of hands43,54].

For forty-odd years, Feynman’s (in-)famous aftenngir
talk [14] was largely ignored by the scientific cownmity
[53,55]. The talk and its science fiction parts eyelhowever,
endorsed by some policy makers (on Drexler's advioe
preparation of President William J. Clinton’s Naiéh Nano-
technology Initiative [15]. For a rhetorical effefd6], it is,
therefore, quite acceptable to regard that formesigent of
the USA as the “founding father” of “nanotechnolbgyd to
consider it as a political project of the neo-ldder Because of
this kind of muddled history, one cannot avoid tbaclusions
that: () casual usages of the word “nanotechnology” derive
partly from science fiction andiil are driven by the
politicization of science and technology [51,57hid explains
much of the hype that surrounds this field [58] amnill
probably continue to do so for a long time in spife¢he best
efforts of nano-tech/science educators.

VII. NANO-SCIENCE ITS EARLY PRACTITIONERS, AND THE REAL

VISIONARIES OFNANO-TECH

Genuine nano-science, on the other hand, is toyalamge
extent not contaminated by science fiction and tipsli It
probably began in a qualitative manner with Michaataday
in the year 1857 [59], and became quantitative sbthéo 60
years later with, e.g., Albert Einstein’s PhD tlsg6i0], Gustav
Mie's seminal 1908 paper on the colors of gold ipkeds in
dilute solutions as function of their sizes [61lhdaWolfgang
Ostwald’s booklet on colloids from the year 1912][6

Feynman’s 1959 after dinner talk [14] was surelyantdo
be entertaining and an invitation to fellow physisito branch
out into applied physics, to adopt an attitude/icacthat is
nowadays often referred to as techno-science [R0zBH to
join emerging fields of engineering, which the meastever
pursued himself. Materials science and engined¢MfE) was
such an emerging field in the early 1950s.

Arthur von Hippel, one of the early leaders in theld,
wrote for example in 1956 in the jourrtience “instead of
taking prefabricated materials and trying to devisggineering
applications consistent with their macroscopic s, one
builds materials from their atoms and molecules the
purpose at hand[63]. Wolfgang Ostwald stated already in the
1922 edition of his (above mentioned) booklet [@23t: ‘we
know now that any entity acquires highly speciabparties
and supports very peculiar phenomena when its itoest
parts are of a size so that they cannot be distsigad in a
light microscope, but are too large to allow fockssification
as individual molecules”(In German in the original.)

Note that the joint focus of von Hippel's and Odtiia
statements was the creation of novel materialshieynical and
physical routes that possess novel or improvedegtigs due
to their nanometer size or nanometer sized straiciodmpo-
nents even when they did not specify that sizeaargcisely.
Also note in this connection that the number ofspraly
known molecule structures (as derived from singlestal X-
ray crystallography) exceeds the number of staldens by
four orders of magnitude. Building from moleculesda



utilizing all kinds of bonds is, thus, a much betigea than
Drexler's attempt to outdo nature by building framdividual
atoms, one at a time, and using only covalent honds

Novel nano-structured materials that were creaietMBE
are the fundamental ingredients out of which ahdki of
engineers are able to create novel products arthatamies
that are useful on the length scales of human Beimgstark
contrast to this, all kinds of things, e.g. foodotking,
computers, houses, tanks, and airplanes, wouldrdingoto
Drexler’s vision just be created by software thdirécts” by

means of somemagical mechano-synthetic contraption an [10]

individual atom to form an individual covalent/diandoid
bonds with another atom while not bonding to thet@ption
itself. On top of that, this is all supposed torbpeated in an
economically advantageous manner at least sofidif@s in
order to obtain a few grams of that kind of “faiaye stuff".

VIII. 3D PRINTED MODELS FORCLASSROOMDEMONSTRATIONS

Because it has been beneficial [2] and to demadestheat
the future is not to be conceived as total immersiovirtual
reality, self-made 3D printed models of structymadtotypes of
crystalline engineering materials, densest packefgspheres,
individual molecules, crystal defects, crystal nimijogies, and
tensor representation surfaces [42,64-72] are ueedur
classrooms extensively. 3D print files of crystalistures and
individual molecules can be created straightforiyafdl,72]
in a web browser at a dedicated website [73] thatart of the
sites of the author’'s Nano-Crystallography resegrolup [74].
For the creation of 3D print files of crystal mogbgies and
tensor representation surfaces, one may use thdowm

executable programs WinXMorph [42,67] and WinTensor

[68], which can both be downloaded freely for namnenercial
purposes from Werner Kaminsky’'s website [75]. 3ihpfiles
of tensor representation surfaces can be downloadedthe
websites of the Materials Property Open Databagk [7
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