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DEEP SCIENCE AS ULTIMATE DRIVER OF SOCIETAL PROGRESS
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THE USEFULNESS OF USELESS
KNOWLEDGE

BY ABRAHAM FLEXNER

s IT not a curious fact that in a world
steeped in irrational hatreds which
threaten civilization itself, men and
wol ld and y g—d h them-
sclves wholly or partly from the angry
current of daily life to devote themselves
to the cultivation of beauty, to the exten-
sion of knowledge, to the cure of disease,
to the amelioration of suffering, just as
though fanatics were not simultaneously
engaged in spreading pain, ugliness, and
suffering? The world has always been a
sorry and confused sort of place—yet
poets and artists and scientists have ig-
nored the factors that would, if attended
to, paralyze them. From a practical
point of view, intellectual and spiritual
life is, on the surface, a useless form of
activity, in which men indulge because
they procure for themselves greater satis-
factions than are otherwise obtainable.
In this paper I shall concern myself with
the question of the extent to which the
pursuit of these useless satisfactions proves
unexpectedly the source from which un-
dreamed-of utility is derived.

We hear it said with tiresome iteration
that ours is a materialistic age, the main
concern of which ahould be the wider
distribution of material goods and worldly
opportunities. The justified outcry of
those who through no fault of their own
are deprived of opportunity and a fair
share of worldly goods therefore diverts
an increasing number of students from
the studies which their fathers pursued to
the equally important and no less urgent
study of social, economic, and govern-

mental problems. I have no quarrel
with this tendency. The world in which
we live is the only world about which our
senses can testify. Unless it is made a
better world, a fairer world, millions
will continue to go to their graves
silent, saddened, and embittered. I
have myself spent many years pleading
that our schools should become more
acutely aware of the world in which
their pupils and students are destined to
pass their lives. Now I sometimes won-
der whether that current has not become
too strong and whether there would be
sufficient opportunity for a full life if
the world were emptied of some of the
useless things that give it spiritual sig-
nificance; in other words, whether our
conception of what is useful may not
have become too narrow to be adequate
to the roaming and capncmus possibili-
ties of the human spirit.

We may look at this question from two
points of view: the scientific and the
humanistic or spiritual. Let us take the
scientific first. I recall a conversation
which T had some years ago with Mr.
George Eastman on the subject of use.
Mr. Eastman, a wise and gentle far-
seeing man, gifted with taste in music
and art, had been saying to me that he
meant to devote his vast fortune to the
promotion of education in useful sub-
jects. I ventured to ask him whom he
regarded as the most useful worker in
science in the world. He replied in-
stantaneously: “Marconi.” I surprised
him by saying, “Whatever plecasure we

NEWSMAGAZIND




SCIENCE
TECHNOLOGY
MARKET

DANCING CHEEK-
TO-CHEEK, BUT ON
THEIR OWN
RHYTHM (C.
FREEMAN, 1981)

RESEARCH IMPACT

The dual frontier: Patented inventions
and prior scientific advance

123

2

Mohammad Ahmedpoor * and Benjamin F. Jones
The extent to which sdientific advances support marketplace inventions & largely
unknown. We study 4.8 million U.S. patents and 32 million research articks to
determine the minimum citation distance betwesn patented inventions and prier
scientific advances. We find that most cited research articles (80% ) link forward to

= futurs patent. Similarly, mest patents (51%) link backward to a prier research article
Linked papers and patents typically stand 2 to 4 degrees distant from the other domain
Yet, advances directly slong the patent-paper boundary ars notsbly more impactful
within their own domains. The distance metric further provides s typology of the fields,
institutions, and individusls invelved in science-to-tachnology linkages. Cvarsll, the
findings ere consistent with theories that emphasize substantisl and fruitful connections
batwesn patenting and prior s cientific inquiry.
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Fig. 2. Applicatian to fields. (A) Distance metric. The mean

presented far each Seld (x 3xs) together with the percentage of knowledge ou
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TECHNICAL CHANGE AND THE AGGREGATE
PRODUCTION FUNCTION *

Robert M. Solow

N this day of rationally designed econometric

studes and swper-mpueoviput ables it
takes something more than the usual “willing
suspension of dishelief” to talk seriously of the
ageregate production function. But the aggre-
gate production function s only a litle less
Tegitimate a concept than, say, the aggregate
consumption function, and for some kinds of
long-run macro-models it is almost as indis-
pensable as the latter is for the short-run. As
Tong as we insist on practicing macr omics,
we shall need aggregate relationships.

Even so, there would hardly be any justifica-
tion for returning to his old-fashioned topic if
T had no novelty to stggest. The new wrinkle
I want to describe is an elementary way of
segregating variations in output pec head dite to
technical change from those due to changes in
the availability of capital per head. Naturally,
every adlioral bil of information hes fts
price. e price consists of one new
rcqum:d \ime seris, o b e ot s o prop-
exty in total income, and one new assumption,
that factors arc paid their marginal products.
Since the former is probably mare respectable
than the other data T shall use, and since the
Tatter Is an assumption often made, the price
may not he unreasanably hu" .

Before going on, let me be explicit that
ol not fr tofustiy i s by ulling

i lancy theorems on aggregation and index
mambers! Either s kid. of agiregate co-
nomics appeals or it doesn't. Persomally T be-
Tong to both schools. Tf it docs, T think ane can

T ore 2 deht of gratitade to Dr. Louis Leleber Jor 1~
d to Profesirs Felloer,

Fives some olion oF fhe
oad

[32]

iy & dsrsied malysis would

draw some crude but useful conclusions from
the results
Theoretical Basis
I will first explain what 1 have in mind
mathematically and then give a diagrammatic
xposition. In this case the mathematics seems
simpler. 1f  represents output and & and L
represent capital and labor inputs in “physical”
ueity them the aggregas preduction.fanction
can be vritten as
14

= F(EL). o)
The variable ¢ for time appears in F to allow
for technical change. It will be scen that T am
using the phrase “technical change” as a short-
and expression for any kind of shift in the
production function. Thus slowdowns, speed-
ups, improvements in the education of the labor
force, and all sorts of things will appear as
“techmical change.”
1t s canvenient to begin with the special case
of neutrel technical change. Shilts in the pro-
duction Tunction are delined as neutral if they
teave marginal rates of substitution untouched
but simply increase or decrease the putpur at-
tainable from given inpurs. In that case the
production function takes the special form
= AHELD” (1)
and the ultiplicative factor 4 (1) measures the
cumulated effect of shifts over time. Diffecent
ate (1a) totally with respect to time and divide
by Q and one obtains

grate e
where dots indicate time derivatives. Now de-

foe = 22 g, ~ 22 L e

Q
tive shares of capital and Tabor, and substitute
in the above equation (nate that 30/9K =
A 3f/0K, etc.) and there results

2)
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4th generation

Golden age of corporate

S During the late 19th and the early part

of the 20th centuries, practically all research
was conducted outside the firm in stand-alone

research organisations

Importance of innovatic
networks as source
of know-how

Balance between
outsourced R&D
and in-house capacity

Now on a global scale
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“Roughly 3% of research is bought
outside the firm” — EIRMA study

ource: European Commission (2005a).
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Figure 2. Character of federal research spending. All amounts in $M, expressed in 2015

dollars. (Data from the Ame

an Association for the Advancement of Science.)



THE DEEP RESEARCH SPECTRUM (SOURCE: LSE, DYEVRE, 2024), IMPACT OF
“DEEP SCIENCE” ON INTRODUCTION OF NEW USPC PATENT CLASSES

How $1 of public R&D is spent in 2020

1

n
1950

pplied research  Dievelop

Trends in public Ré&D Trends in private R&D

1960 1970 1980 1F0 D00 e 200 1950 1960 LT 1980 19D 200 30 0

TaBLE A.10. How public R&D differs from private R&D and trends over
timme

How $1 of private R&D is spent in 2020

Patent classes
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FIGURE 14. Timeline of the introduction of new USPC patent classes




Performed by firms v. unis Heterogeneity by funder

Difference over time

Adding controls

Probability of opening a new technological class N = 8,216,965
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TaBLE C.13. Fact 2 - Publicly-funded patents are more impactful (all results)
Motes: The unit of analysis is a patent. Coefficlents and 95% confidence intervak come from a regresion of an outcome of inter-

est {y) on a dummy equal to one if ﬂte.mmvatlm protected by the patent benefited from public funding. Fommally: w = a + § %
1|patent § is publicly-funded| + X7+ ¢, Standard errors are clustered at the class and year levels. Graphs in the first eolumn show how

Bvares when sucosssively mone a:hausi.we arrays of controls are wed. Graphs in the second column report § coefficients for different years
Graphs in the third column show how the § coelficlent vades within perrtiers of RED: universitles of fimms. The last graphs repod eoe flicknt

heterogeneity across Ré&D funders.

IMPACT OF PATENTS RESULTING FROM PUBLICLY FUNDED
“DEEP SCIENCE”, FUNDAMENTAL SCIENCE



EUROPEAN R&D PRODUCTIVITY DECLINES, FIRM-LEVEL

CHALLENGES >< CHINESE DARK FACTORIES

Figure & — Estimated total decline in R&:D-patent elasticity
across sectors, 2004-2019 (*) (%]

') Thee Tirst gheeraaticn Tepmm Ching s Troimn 2003 rsiead of 2004 basise of
data avslabiling
SouneE EL Inedusinad D nssess e Siognetoand

Figure 5 — Estimated total declime in R&D-labour-produc-
tiwity elasticity across sectors, 2004-2022 [*) (%]

b first absersabion fromi China = from 2008 retead of 2004 becase of
daba aeallaoiliby
Source: EL) industnial R&D rpchmeant Somrebnsid

SCIENCE FOR POLICY BRIEF

R&D productivity: Are ideas harder to find or
does Europe suffer from a commercialisation

gap?

R&D productivity in terms of patents has been falling
globally, but most strongly in the United States and
the EU. Coupled with the ELFs persistent weakness in
transforming its R&D into commercially successful
product innovations, as the estimated R&D-labour-
productivity elasticities show, that seems to warrant
urgent policy action to bring the EU back on a growth
path that secures its long-term global competitive-
ness.




RECONFIGURING
EUROPEAN
CHEMISTRY-
ENERGY VALUE
CHAINS?

Shipping of intermediates (e.g. ammonia, methanol and reduced iron ore) from
‘renewable rich’ areas to ‘renewable poor’ areas may be cheaper than shipping H,
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‘Conserving today’s production patterns by
shipping hydrogen is substantially costlier,
whereas trading intermediate products could
save costs while keeping substantial value
creation in renewable-scarce importing
regions.”
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Verpoort, P.C., L. Gast , A. Hofmann and F. Ueckerdt, 2024. Impact of global heterogeneity of renewable
energy supply on heavy industrial production and green value chains. Noture Energy, 9 ,491-503

= Trarapant
= ooty
o el
erergy

o i
]
Farerare

g Ansambrnd
s

e 3 higher WACC of 8% in the RE-rich reglon compared to 5% in the

e scarce veyghon aver 3 Wletinse of 1 yeary, resulting in hagher levelized capital
wond, yet ihis effeci appears 1o be small comgpared (o ihe renewabiles pull, Fos
JM{W we encourage readers bo view this igure in the online
B O the W hest e (see ' Data i




MATERIALS AS THE ABSOLUTE PRIORITY IN TRANSITION ECONOMICS

Lavars ta aase the risk

Current Intenaity A
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supply chain reduction
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Water
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Fig. 3 Qualiative estimation of the cument CEM supply chain vul
nerabality and the effect that the four matigation levers could have on

reduocng it for the four clean energy technodogies considered in this
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subatomic particle, can convertinto anelec-  r d P P T reflectad

tron without extra particles being formed.  medical claims, cutsto aid and i of thi: y, the United States

Once ion i he Fermilab icipationi h led more than 90% of the assessed technolo-
- dth

team will have to spend time tuning up the

magnets.

try's climate policy

gies, whereas Chinaled less than 5% of them,
tothe 2024 edition of the tracker.

in2027. US universitiesmust grapple withimmigra- “China has made incredible progress on
tion restrictions that could limit the move:  science and technology that is reflected in

Trump’s second year mentof students f hand aswell as in publi-

The shock from US Pr Donald will deal with d cations,”says by

Trump” cwil i 2026. battles over i federal and China’si atthe Center for Stra-

His first year brought sweeping policy changes  jobs. tegic and International Studies, a non-profit

thatwill continue to affect US science this year. The Trump administration has moved to  research organization in Washington DC.

Battles between the White House and the  refocus national research on Al b

Congress over cuts to science funding look
set to rumble on. Changes to public-health
policy that have drawn criticism from
researchers — including rolling back vaccine

LS A :
China produces the largest share of high-quality research for 66 technologles.

and quantum technologies. Although some
researchers welcome this, others are con-
cerned thatitwill draw from

by the ASPlis not a surprise, butitis “remark-
able” to see that China is so dominant and

other fields.

CHINA LEADS RESEARCH
IN907% OF CRUCIAL

TECHNOLOGIES

d in so many fields compared with
the United States.

This might have something to do with the
types of technology that are tracked, says
Wang Yanbo, a science-policy researcher at
the University of Hong Kong. The country is

nologies, where it has focused its efforts, than
in fields, suchas
chips, where other countries lead, he notes.

king high-i ct h
TheASP d datab:

that contains more than nine million publi-
cations from all around the world. It ranked

Y
top 10% of the most-cited papers produced
by researchers in a country over a five-year
period, between 2020 and 2024, and calcu-
lated that country’s global share.,

One noteworthy finding is that China is
outpacing the United States in cloud and
edge computing, according to David Lin, a
national security and technology strategist
at the Special Competitive Studies Project,
a non-profit organization based in Arling-
ton, Virginia. Cloud computing enables
artificial-intelligence companics to train
models p h df

ing processes data locally, China's rescarch

i ityi “probably

urgency withwhich Beijing is moving Al from

the labinto deployment”, Lin says.
The analysis .

a
collapse of American power”, says Steven Hai,

The United States tops the remaining
areas in an assessment of 74 technologies.

innovation at Xi'anJizotong-Liverpool Univer-
sity in Suzhou, China, In general, the United
Statesis still an important player globally in
these Haisays.

By Xiaoying You

The ASPI's Critical Technology Tracker eval-
uated high-quality research on 74 current and

i Nx
of the crucial technologies that “sig-

in 2025, up from the
64 technologies it analysed in 2024. China
is ranked number one for research on 66 of

Jenny Wong-Leung, a data scientist at ASPI
who participated in the study, warns that
the findings show democratic nations risk
losing “hard-won, long-term advantages in
curtting-edge science and research” in arange

oftheworld's

country “accord-  the ing nuclear energy,  of essential sectors, which is crucial for the
L tracker y i andthe
olicy {ASP)-an  United States d includ-  most -y
independent think tank. i

the ASPI's tracker is good for

Nature | Vol 649 | 1January 2026 | 13

The transition to a climate-neutral world relies on critical minerals

Growth to 2040 by sector
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I i
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More than 300 new mines
required to meet battery demand
by 2035

Source: IEA, The Role of
Critical Minerals in

Clean Energy
Transitions, 2021.




AN ECONOMIC
TRIAD:

CHEMISTRY
ENERGY
MATERIALS

The importance of industrial symbiosis —
A Leitbild/vision for a (future) CRM Hub
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BUT ...
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Fig. 1. Organizational culture profiles and characteristics (Adapted from Cameron and Quinn, 2006)

CULTURE EATS STRATEGY FOR BREAKFAST (P. DRUCKER)
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BREAKTHROUGHS ARE ROOTED IN DEEP SCIENCE

Metals for Clean Energy

Pathways to solving Europe’s raw materials challenge

¥ 27
Herein the at MIT d shi with our
'Review, reporters and editors constantly readers. Here are 10 advances that we think
debate which

wi will drive progress or incite the most change—
define our future. Once a year, we take stock for better or worse—in the years ahead.

Hyperscals Sodwm-lon Base-edited Mechanistic Next-gen

Al data centers batteries babies interpretabilty nuclear
Embryo Al Gene Generative Commercial
scoring companians resurrection coding space stations

Breakthrough
Technologies

NEWS | IN DEPTH

MATERIALS SCIENCE

Al-driven robotics lab joins the
hunt for materials breakthroughs

Setup is the first fully automated effort seeking novel
inorganic materials for emerging technologies

&y Robert . Service. 1 San Franciseo

magine a cookbaok with 150,000 tempt-
ing dishes—but few recipes for making
them. That's the challenge facing an ef-
fort at the Lawrence Berkeley National
Laboratory (LENL) known as the Ma-
terials Project. It has used computers
to predict some 150,000 new materials
that could improve devices such as battery
electrodes and catalysts. But the database’s
users around the globe have managed to
make just a fraction of these for testing,
leaving thousands untried. “Synthesis has
me the bottleneck” says Gerbrand
Ceder, a materials scientist at LENL.

Now, Ceder and his colleagues have mar-
ried artificial intelligence (AI) and robotics
to eliminate that bottleneck. The Al system
makes a best guess at a recipe for a desired
‘material and then iterates the reaction con-
ditions as robots try to create physical sam-
ples. The new setup, known as the A-Lab, is
already synthesizing about 100 times more
new materials per day than humans in the
1ab can manage. “This is the way to g0 says

230 31 APRIL 3023 - VOL 330 ISSUE 6643

Ali Coskun, a chemist at the University of
Freiburg who isn't involved with the A-Lab,
but attended the Materials Research Society
meeting here Last week, where the new Al

commonplace among pharmaceutical corn-
panies searching for new drugs and even
some academic materials labs (Science,
13 December 2019, p. 1205) But thase efforts
primarily use liquid precursor compounds
that are relatively straightforward to mix
and process. “It's a lot more difficult to do
this with solid materials” Coskun says. Syn-
thesizing these materials typically requires
mixing solid powders together and then
adding different combinations of solvents,
and experimenting with heat, drying time,
and other inputs to try o get them Lo crys-
tallize into the predicted material.

The number of recipes is essentially
infinite, Ceder says. Although computers
can predict which final compounds should
lead to better devices, “there is no theory
for synthesis that tells us what can and
cannat be made;” says Kristin Persson, who

L))

g Chwch o
LENLs fully automated ALab can churm out new | o

matarials 24/7 without human inteevantion.

heads LENL's Materials Project and an-
nounced the new A-Lab.

Previous automation efforts randomly
mixed compounds in search of new mate-
rials, Ceder says, but the new Al-driven ap-

proach is more akin to the way traditional
chemists do their jobs. The Al starts by
coming up with & plausible way to synthe-
size a material, using its understanding of
chemistry. It guides robotic arms to select
among nearly 200 different powdery start-
ing materials, containing elements such as
Lithium, nickel, copper, iron, and mangs-
nese. After mixing the precursors, another
robot pascels out the mix into a set of
crucibles, which are loaded into furnaces
where they can be mixed with gases such
as nitrogen, oxygen, and hydrogen. The
Al then determines how long to bake the
different mixes, the temperatures, drying
times, and 50 on

After the baking, a gumball-like dis-
penser adds a ball bearing to each crucible
and shakes it to grind the new substance

nto a fine powder that's loaded onto &
slide. A robot arm then grabs each ssmple
and slides it into an x-ray machine or other
equipment for analysis. Results are fed
back into the Materials Project database of
materials structures and properties, and if
the outcome isn't what was predicted, the
AL setup iterates the reaction conditions
and stasts anew.

L researchers have spent the st

al manths working out the
their system and testing it. In lhr pm
cess, the A-Lab has produced more than
40 target materials—about 70% of the com-
pounds it has set out to produce. I have
made more new compounds in the last
6 weeks than my whole career” Ceder says.

LENLs Al materials lab may not be
alone for long. In a 3 April preprint, re-
searchers from the Samsung Advanced
Institute of Technology reported that they,
100, have set up & computer-driven robot-
ics lab to search for new electronic mate-
rials. Results from that report show their
setup performed more than 200 reactions
to make 35 inorganic compounds, includ-
ing certain oxides commonly used in bat-
tery electrodes, salid oxide fuel cells, and
superconductors. In each stage of their ro-
botic experiments “Al is used to some de-
gree;” says Samsung’s Jeong-Ju Cho.

Ceder notes that despite the move to
fully automated synthesis and analysis, re-
searchers are just as likely as ever to make
unexpected discoveries. “That's no differ-
ent with the A-Lab” Except now, the hits
and the surprises will likely come faster. &
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