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Dedicated to those who trigger new discoveries—and those who want to understand
how to trigger them



How do we spark new scientific discoveries? Why do some breakthroughs seem even
accidental? And most importantly, how can we accelerate them and push the bound-
aries of science? These are some of the biggest unsolved questions in science. Many
believe breakthroughs arise by chance or serendipity. But here we show that it is
powerful new tools and methods that enable discovering what we often did not even
know existed: improvedmicroscopes uncovered the hiddenworld ofmicroorganisms
and viruses, x-ray methods unlocked the structure of our DNA, particle accelera-
tors detected subatomic particles that make up our world, and advanced telescopes
revealed galaxies we never imagined. The Engine of Scientific Discovery explores, for
the first time, science’s biggest discoveries—spanning all nobel-prize and major non-
nobel discoveries throughout history. What we find is surprising: we have triggered
science’s over 750major discoveries by first inventing a newmethod or tool thatmade
the breakthroughs possible—often within just a few years. This is because new tools
enable us to see, measure and understand the world in ways that are impossible with-
out them. From discovering planets beyond our solar system that reshape how we
understand the universe, to CRISPR gene editing that transforms how we fight dis-
ease and cancer. This consistent pattern reveals a powerful insight: our transformative
new methods and tools are The Engine of Scientific Discovery—a fundamental prin-
ciple of scientific progress that has been overlooked until now. By shifting our focus to
inventing new discovery tools, we can spark a method revolution in science. Instead
of waiting for breakthroughs, we can actively design and build new tools of discov-
ery. What if the next great breakthroughs depend not just on asking better questions,
but on developing better tools to ask and answer them—on entirely new ways of dis-
covering? A new theory of discovery emerges here, offering a roadmap to accelerate
the pace of new breakthroughs across science. This book is for anyone who wants to
understand how we make discoveries—and what drives science.
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Introduction

In the early 20th century, one of biology’s biggest mysteries puzzled scientists: what
is the structure of DNA? The great leap forward came with the development of x-ray
crystallography in 1913—a method that makes exploring the structure of molecules
possible. But it was not until the 1950s when Rosalind Franklin applied this powerful
method to the DNA puzzle. At King’s College London, she captured the first images
that revealed the missing piece: DNA’s double-helix structure.(1) With the key x-ray
image in hand, Francis Crick and JamesWatson at Cambridge quickly published their
famous one-page paper in Nature proposing the double-helix model in 1953. They
shared the Nobel prize for the discovery together with Maurice Wilkins—a few years
after Franklin passed away from cancer. It remains one of the greatest discoveries of
the 20th century, and it was surprisingly missed for decades.

Also in the early 20th century, another major unsolved puzzle persisted but in
astronomy: is our universe static or expanding? Many believed space was fixed and
unchanging. But the mystery was uncovered in 1929 when Edwin Hubble—a law
graduate who also studied astronomy—used a powerful new telescope, the world’s
largest at the time. At Mount Wilson Observatory in California, he discovered galax-
ies speeding away from us in every direction. The universe was expanding outward.
This extraordinary breakthrough transformed how we understand the universe and
our place in it.(2) These two discoveries—one in the hidden world of molecules, the
other across the vast and hidden expanse of space—seemworlds apart. But both were
driven by something fundamental: new ways of seeing that were impossible before.
After Hubble’s discovery, Einstein—who had introduced a cosmological constant to
his equations to maintain a static universe—abandoned the constant and adopted
Hubble’s new understanding.

So how do we spark new discoveries in science? Why do some of our greatest
breakthroughs seem to happen by chance or serendipity? And how can we acceler-
ate them and break science’s current limits? These are some of the greatest unsolved
questions about science. While many credit flashes of serendipity, large teams or big
funding, we uncover here a very different story: we trigger new discoveries by invent-
ing new methods and tools that enable us to see, measure and imagine the world
through entirely new lenses. From new electron microscopes uncovering viruses and
nanoparticles, to statistical methods revealing hidden patterns in complex climate
and genomic data, methods and tools discover what we often did not even know
existed until we created them. To detect planets beyond our solar system, we first
had to invent space telescopes beyond earth’s atmosphere. To map the brain’s activity,
we required first creating high-resolutionMRI scanners. In fact, these breakthroughs
would be unimaginable without these advanced tools.

The Engine of Scientific Discovery. Alexander Krauss, Oxford University Press. © Oxford University Press (2026).
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2 THE ENGINE OF SCIENTIFIC DISCOVERY

But taking a step back, how do scientific discoveries transform our lives in the first
place? Many see our major scientific advances as humanity’s greatest hallmark. Alone
in the 20th century, our life expectancy almost doubled globally through vaccines and
antibiotics, through better food production and improved hospitals. Breakthroughs
shape the quality of our lives through electricity, the internet and smartphones that
connect us to people around the world—and computers that shape how we think and
work. Beyond our immediate lives, science has also vastly expanded how we view
reality.Wemade remarkable discoveries that explain how the universe emerged about
14 billion years ago. Over the centuries, we revealed fundamental forces governing
physical reality—gravity, electromagnetism, the strong force and the weak force. We
uncovered the periodic table that captures the chemical elements that make up the
world. We found that DNA carries genetic information that determines how living
beings grow and function.

Most of this knowledge did not even exist a few hundred years ago. Our greatest
scientific advances have happened in a very short span of human history since the
1700s—a period when disease, premature death, malnutrition and extreme poverty
have reduced faster than ever before. Our breakthroughs have not just driven this
progress but changed the way we think about life, time, space and our relationship
to the world. Studying these breakthroughs and the methods behind them can also
change the way we think about science and discovery itself. After all, our scientific
innovations have even shaped our very sense of who we are and what is possible. Yet
there is a paradox here: what brought us electricity and crop surpluses also partly
contributed to global challenges like climate change, overpopulation and deplet-
ing resources. We once again turn to science to try and safeguard us—developing
climate modelling tools and carbon capture systems to tackle these pressing
challenges.

So if nothing shapes our lives more than science, why do we still understand rel-
atively little about how scientific discovery works? We know a lot about how stars
and planets form, how life evolves and how atoms behave. But we know relatively
little about how new breakthroughs, new scientific tools and new scientific fields
form, evolve and behave. And yet, they are what make those very discoveries pos-
sible. In fact, the nature of science and discovery is among science’s biggest questions
along with the nature of life, matter and the universe. But science and discovery—
the force behind uncovering all of them—are arguably the least understood. So one
of science’s biggest puzzles is itself. Scientists are usually busy doing research and
rarely have the time to step back and study these deeper questions. Yet this is the
fundamental unsolved puzzle guiding much of this book: how do we spark new
discoveries—and even entirely new scientific fields? This is also the central ques-
tion in the field of science of science—and answering it would be the key advance in
the field.(3–5) It would also enable us to make new breakthroughs faster. But there
are two big challenges researchers face on this puzzle: first, it is difficult to study
discoveries at scale and systematically—across scientific fields and history; second,
it is also difficult to develop a general theory of discovery that explains what trig-
gers breakthroughs, backed by such systematic evidence across science. This book
takes on and aims to tackle these two challenges: with new evidence and a new
theory.
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So we return to the question, what actually triggers new discoveries? Most people
have their own idea of how they emerge. Some researchers argue that breakthroughs
arise from funding,(6–8) others highlight teamwork and collaboration.(9–11) Some
emphasise more productive younger researchers,(12–14) others stress revolutionary
theories.(15,16) Still others point to unpredictable moments of serendipity, insight or
chance.(17–20) These different explanations are usually based on studying one indi-
vidual piece of the puzzle—a particular sample of breakthroughs with a particular
method and particular lens. So this leads to a deeper question: how can we better
study and uncover what actually drives science’s big breakthroughs? We argue that
the best way to tackle the puzzle is by studying science’s major discoveries as sys-
tematically and comprehensively as possible—all nobel-prize-winning discoveries in
science and other major discoveries that were made before or did not receive a Nobel
prize (as we unpack in the next chapter). Thesemake up science’s over 750 biggest dis-
coveries that form the foundation of the physical, biological and social sciences. These
breakthroughs define science: fromquantummechanics, relativity theory andNewto-
nian laws ofmotion, to the human genome, the structure of DNA,Mendelian genetics
and the theory of evolution, to the periodic table of elements and the expanding
universe.

Why is uncovering how we trigger discoveries so important? Understanding the
engine of science and discovery is fascinating and crucial, not just because science
and technology have revolutionised and redefined how we live and how long we live.
But also because discoveries often seem unexplainable and random—even mysteri-
ous. In fact, most people want to understand how discoveries happen: citizens want
to know how future breakthrough medicines and technologies can affect our lives.
Researchers try to predict what questions we should focus on that could be the next
big breakthrough—and impact science, society and policy. Funding agencies explore
project proposals and academic journals assess submitted articles by trying to predict
which ones may have the largest impact. University hiring committees try and pre-
dict which researchers are most likely to make the next big discoveries. Companies
want to understandwhat breakthroughs aremost likely to lead to innovative and prof-
itable technologies and products. Governments try to forecast which research areas
hold the greatest potential for new discoveries when determiningwhere to spend pub-
lic resources—and what challenges to prioritise: from fighting cancer and preventing
future pandemics to slowing global warming.(4)

Major breakthroughs attract attention more than any other aspect of science. And
there is tremendous demand across society to make discoveries more predictable
and more frequent. Yet even with proposed explanations like serendipity, funding
and teamwork, the paradox is that when zoomed in on individual scientists, break-
throughs often seem randomand unpredictable. But what we uncover here challenges
that belief: by zooming out and studying the aggregate factors behind science’s major
discoveries across fields and history, we reveal a common pattern and driving force
we can actively shape.

In schools and universities, we are largely taught what science has discovered:
the periodic table of elements, the theory of relativity, DNA’s double-helix structure.
We do not generally learn how we develop those discoveries. We celebrate the out-
comes, not the process. Even leading scientists who study science focus on the end
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results, tracking article citations and publications.(3,4,14,21–24) And leading historians
and philosophers of science explore final scientific theories.(16,17,25–28)

What have researchers said about scientific discovery so far? The most well-known
and cited philosopher of science, the Austrian Karl Popper, published a highly influ-
ential book The logic of scientific discovery. Ironically, in that seminal book, Popper
denies the very possibility of a logic of how scientific discovery emerges.(17,20) For
him, ‘there is no such thing as a logical method of having new ideas… every discovery
contains “an irrational element”’.(17) So he instead just focuses on how to justify scien-
tific theories. As the nobel-prize-winning physicist Carlo Rubbia also said, ‘Scientific
discovery is an irrational act’. In fact, many researchers believe discoveries are blind
and unpredictable—arising as a sudden flash of insight or a randomevent thatwe can-
not study systematically.(17,18,20,29–32) This popular narrative catches the attention of
scientists and the public—and they make for exciting stories.(19,33,34)

Other researchers who study scientists’ careers also highlight that serendipity may
drive breakthroughs.(30,35,36) Some argue that a scientist’s most impactful work may
emerge seemingly randomly across their career.(12,35,37) These findings have led sci-
entists to the conclusion of ‘the profound unpredictability that pervadesmany aspects
of scientific discovery’.(4) Yet claiming that there is no logic or method of discovery,
but that discovery is explained by serendipity or chance, is not actually an expla-
nation at all. And more importantly: it is misleading and can waste researchers’
time and resources. By systematically analysing science’s over 750 major discover-
ies, we uncover a surprising and overlooked pattern here. Discoveries commonly
labelled as serendipitous were actually sparked by using—for the first time—a new
tool that enabled the unexpected observation we were not even looking for: an
improved microscope revealed cells, a discharge tube uncovered x-rays, gel diffusion
revealed theHepatitis B virus and a sensitive spectrograph detected the first exoplanet—
a planet outside our solar system. We find that discoveries that seem serendipitous
at the time follow shortly after we create the new tool that sparks the discovery.
What looks like chance is often just using a powerful new lens—as in each of these
extraordinary discoveries. This is important and can change how we think about
discovery: it is powerful new tools that help us strategically plan and predict new
discoveries.

Some people, when thinking about discoveries, narrow the lens on big theories—
like Einstein’s relativity andNewton’s laws. Themost influential and cited explanation
of scientific progress to date came from the American historian of science Thomas
Kuhn in his landmark book: The structure of scientific revolutions. Kuhn was deeply
interested in trying to explain how science evolved—and he focused on the evolu-
tion of scientific theories.(15) He argued that science does not progress cumulatively;
instead, it is driven by radical paradigm shifts—fundamental changes in the theories
of a field. Kuhn’s bold hypothesis was based on a handful of theories largely in physics
up to the early 20th century.(15) Since Kuhn, this central question has sparked heavy
debate—and yet, no consensus or general theory yet exists. But by shifting the focus
here to our powerful methods and tools that enable new breakthroughs—including
theories—a very different picture emerges. Nomajormethods and tools we use across
fields have been entirely abandoned—from statistics and telescopes to centrifuges. No
major scientific fields have been entirely replaced—from biology and chemistry to
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computer science. Instead, we keep extending and refining them. We uncover here
that how science progresses is deeply cumulative.

The latest contribution to studying scientific progress comes from influential sci-
entometricians and network scientists—using big data to study science. They track
science through publication counts and citations (the number of times a paper is
cited by other papers, as a rough measure of its impact). These scientists explore
thought-provoking insights about the dynamics of science such as scientists’ careers,
research productivity and networks of scientists.(3,4,9,14,24,38,39) They also explore
team collaboration—for example finding that individual researchers and small teams
aremore likely to generate breakthrough research than large teams.(10) But even these
researchers recognise the limits of their approach in explaining science: ‘this bias
toward citations is reflective of the current landscape of the field, [and] it highlights
the need to go beyond citations as the only “currency” of science’ and high-impact
research.(14,38,40) In fact, ‘wemay now be approaching the limit of what they can teach
us about the scientific ecosystem and its production of discoveries’.(4)

What is this book’s new and alternative approach? Until now, most researchers
studying how science works focus on its outputs—exploring a sample of
breakthroughs,(41–44) studying scientific theories(16,17,28) or tracking publications
and how often they are cited.(10,12,22,39,45) But to tackle these fundamental questions,
we have to take a completely different strategy—one that has been overlooked until
now: here we study science’s major discoveries, the methods and tools they used and
the broad range of traits of the discoverers themselves—across science, at the same
time.(38,40) Surprisingly, what drives science’s greatest discoveries has not yet been
studied in a systematic and comprehensive way across science and history and no
studies have yet systematically examined the role of new methods and tools in spark-
ing those discoveries.(3,4,14,15,17,22–24) This approach offers a powerful new lens and
theory of discovery.

Sparking amethod revolution in science

Our powerful new methods and tools trigger breakthroughs by enabling us to see,
measure and imagine the world in ways that were impossible before them. Micro-
scopes and telescopes opened hidden worlds too small or too distant for the naked
eye—revealing unexpected parasites, bacteria and nanoparticles, and uncovering
new distant star clusters and galaxies. Statistical methods stretch the limits of our
mind, allowing us to process and analyse enormous amounts of data. They uncover
new patterns we could not see otherwise—from tracking gene mutations to iden-
tifying climate trends. X-ray, MRI, ultrasound and CT devices make it possible
to generate extraordinary images inside our body without a single incision. They
have revolutionised medicine by letting us better diagnose, monitor and understand
disease.

Spectrometers and radar devices enable capturing and measuring light, radio
waves and signals that our senses cannot detect—from astronomy to cancer
detection. Controlled experimental methods allow us to test treatments for countless
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diseases—from tuberculosis to scurvy—in rigorous ways that have saved millions of
lives and were unthinkable before. Computer technology lets us simulate complex
systems—from the earth’s climate to neural networks—and even predict the spread
of pandemics that would otherwise be too vast to grasp. AI and machine learning
methods enable analysing immense datasets, can perform experiments andmake pre-
dictions based on spotted patterns—with exceptional speed. New tools give us new
questions to ask and new ways to answer them. Each powerful method reveals a new
layer of reality that we often did not even know existed.

In fact, the efforts of millions of minds, eyes and hands studying the world are
rarely as powerful as someone developing or getting their hands on a new tool.
A single invention—whether an advanced telescope or x-ray method—gives us a new
lens to perceive and probe further and deeper than humans can alone. It gives us a
new way to trigger multiple discoveries with a single tool.

We use the microscope, throughout the book, as a prime example of a powerful dis-
covery tool—transforming what we are able to uncover.The first microscopes radically
amplified our limited vision to reveal a vast microscopic world we did not expect.
This optical breakthroughwas continually extended and refined over time. Eventually
came the electronmicroscope: one of themost powerful instruments in the history of
science.(46) A 26-year-old German graduate student Ernst Ruska invented the instru-
ment in 1933 at the TechnicalUniversity of Berlin. By using beams of electrons instead
of light, the electron microscope depicts images of miniscule objects. And it vastly
expanded our world of microorganisms, molecules and nanoparticles.(47,48) In fact,
this tool sparked over a dozen major discoveries—from the cell structure in 1945 to
ribosomes in 1955. What unites these discoveries is not a shared theory, research
teams ormore funding, it is a shared tool—the electronmicroscope—thatmade these
breakthrough findings possible across different fields. It also launched new fields like
modern cell biology that would have been impossible without it. Here we uncover
how the story of science is largely driven by inventing and reinventing powerfulmeth-
ods and tools—from CRISPR gene editing to space telescopes—that trigger our big
breakthroughs.

What are the top ten methods and tools most used to spark discoveries? Examining
science’s over 750 major discoveries, we identify the top ten—and highlight them in
Figure 0.1. Interestingly, the top ten methods and tools are almost the same when
looking at all nobel-prize discoveries only, except that particle accelerators and par-
ticle detectors make it into the top ten, while telescopes and thermometers do not.
Take electrophoresis and chromatographymethods—before inventing them,we faced
many barriers to analysing chemical substances. But once developed, they enable us
to separate and determine the composition of DNA, protein molecules and viruses—
in ways impossible before. Electrophoresis was developed by the Swedish graduate
student Arne Tiselius at Uppsala University—at just 28. It enabled making major
discoveries and another powerful method: DNA sequencing.

Then there is partition chromatography—one of the most important methods in
chemistry and biology. It was invented by the British graduate student Richard Synge
at just 27, alongside his colleague Archer Martin at 31. By separating and analysing
complex chemical mixtures, this extraordinary method enabled discoveries from the
structure of insulin to how carbon dioxide is absorbed in plants. Today, we rely on it



INTRODUCTION 7

inmany areas that affect our everyday lives—from pharmaceuticals to food safety and
environmental testing. Surprisingly, ArcherMartin, in hisNobel prize speech describ-
ing the method, said that: ‘All of the ideas are simple and had peoples’ minds been
directed that way the method would have flourished perhaps a century earlier’.(49)
What is remarkable is that we find many of these cases across science: the world-
changing potential of tools that can sit unnoticed for decades simply because not
enough researchers are dedicated yet to developing tools. Yet adopting tools much
later comes with important opportunity costs—and delayed impact for science and
society. It is also striking that these groundbreaking inventions—among the most
important tools in science—were made by young graduate students doing hands-
on experimental work as part of their PhDs. This tells us something crucial about
how discovery works: progress is often not about greater funding, bigger teams or
big theories. But about researchers refusing to accept the limits of existing methods
and tools, and building new ones that unlock entirely new ways of seeing, testing and
understanding—as we will explore throughout the book.

E=MC2

(electron) microscopes

x-ray methods

lasers

statistical/math-
ematical methods

spectrometers

thermometers 
chroma

 
tography centrifuges

telescopes

electrophoresis

New methods and tools New discoveries

Figure 0.1 New methods and tools trigger new discoveries

Here we will be unpacking the fascinating stories of how and who developed
our most powerful tools of discovery—and how they have revolutionised science by
enabling completely new lenses to the world. Our ability to understand the world is
limited by the tools we have developed so far. By the ways we can presently observe,
measure and uncover—whether neural synapses, viruses, radio waves, the human
genome or exoplanets that were unimaginable before our tools. For the tools we have
created up to now shape the questions we can ask, the answers we can provide and
the way we can explore and understand the world.
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But are there major theoretical breakthroughs that are mostly just sparked by intu-
ition or insight? What about some great theories of science—are relativity, quantum
mechanics, evolution mainly a product of thought? Some believe they are. Here
we will see how Einstein developed the theory of relativity by building on unex-
pected experimental findings, made possible by an innovative new instrument: the
interferometer. Those puzzling findings showed that the speed of light remained
constant regardless of the Earth’s motion through space. This extraordinary evi-
dence challenged the existing notions of absolute space and time.(50) It enabled
developing Einstein’s theoretical interpretation. In Einstein’s words: ‘the Michelson
and Morley experiment had made it clear that phenomena obey the principle of
relativity’.(51,52) Tensor calculus, a new mathematical method developed at the time,
was also indispensable to capture the experimental findings and express gravita-
tional fields in Einstein’s equations—what we will unpack later. To develop quantum
theory, Max Planck also did not just rely on thought, but took the first step by
analysing unexplained findings from experiments on blackbody radiation, made pos-
sible with powerful tools—spectrometers and bolometers—that measured emitted
light.(53) Einstein’s work on the photoelectric effect then contributed further and
was rooted in experiments using electroscopes and cathode ray tubes that showed
how light liberated electrons frommetal.(54) Then cameNiels Bohr’s quantummodel
that relied on spectroscopes using prisms to reveal spectral lines—that pointed to
quantised energy levels.(55)

To create the theory of evolution, Darwin also relied on tools like his advanced
microscopes that enabled him to study barnacles, corals and plant structures that
shaped his understanding of variation and adaptation.(56) He also conducted breed-
ing experiments with plants and pigeons, providing him direct evidence of how
artificial (human) selection could drive changes in species over generations. These
experiments enabled him to draw the analogy for natural selection.(57) Far from
being an abstract creation, science’s greatest theories—from relativity to quantum
mechanics to evolution—are only possible by relying heavily on key unexplained
experimental findings that scientific tools revealed. These extraordinary tools created
the possibility of seeing the world differently in the first place. They laid the essen-
tial foundation of evidence that made it possible to develop theoretical explanations
for what they observed. Far from just confirming theories, tools make new kinds of
theories possible. Yet in fields like theoretical physics, some exceptional theoretical
advances have involved larger conceptual leaps—leaps from existing experimental
findings and tools to theory—than in most other fields across science. We will trace
the origins of science’s biggest breakthroughs in history as we work through the book.

Taking a step back, a striking insight emerges: each method and tool gives us a
unique lens to seeing theworld. The sumof these lenses largely determines how far we
can currently see, explore and think—our present limits of science. To better under-
stand the world and science, we have to better understand the tools we invent to study
the world and do science. Because accelerating discovery depends on how well we
understand our powerful methods and tools and how we develop them—as they lay
the foundation that science is built on.

So how do we build strong evidence and develop a general theory? The National
Research Council in the US confirms: ‘No theory of scientific progress exists … that
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allows prediction of the future development of new scientific ideas’ but researchers
instead often emphasise how uncertain discovery can be.(58) But there is a better
approach to tackle the puzzle—one grounded in rich evidence. In general, there are
two powerful ways to develop strong evidence and a general theory. The first is to
explore the entire landscape—the total population as comprehensive as possible, not
just a subset. That is what we do here: rather than typically studying a sample, we
examine science’s over 750major discoveries across fields—all nobel-prize andmajor
non-nobel discoveries. (We will unpack these discoveries in the next chapter.) By
studying this much larger population, we get a clearer, more accurate picture of what
actually drives discovery—by spotting the general patterns. In other words, what sci-
ence’s biggest discoveries have in common—and what they do not. And these two
independent data sources enable us to test and compare the strength of the patterns
and findings.

The second way is to approach the problem from multiple perspectives. Instead of
relying on a single method, we use different methods and perspectives from diverse
fields—from statistics and history of science to cognitive science, and beyond. This
gives us multiple, independent ways to test and confirm the patterns we find—and
the strength of the findings. Rather than just relying on one method that can be more
narrow or have blind spots. This combination—using the most comprehensive data
possible and diverse methods—lets us fill the gap: a general theory of how discovery
emerges.

Here we develop the new methods-driven discovery theory. What the theory
explains is straightforward: new methods and tools unlock new discoveries by
enabling us to see, measure and understand the world in ways that are impossi-
ble without them. The ultimate test of a successful theory is: can it explain what
drives science and discoveries—and can it advance and better predict discoveries?
On this test, this theory can take us further than current explanations—as we will
see. It can explain our past discoveries—and improves predicting future discover-
ies: the speed and direction of method innovations we make give us powerful signals
that breakthroughs are soon to follow and where they can come from. The central
thread connecting the different chapters of the book is exactly this expanding toolbox
of ours.

Mapping discovery: the book’s structure and key insights

This is the first book to systematically tackle the puzzle of what the engine of scientific
discovery is.We analyse science’s over 750 biggest discoveries—spanning across fields
and history—and the broad range of traits of the discoverers, and provide a new lens
on science’s powerful methods and tools. This is an until now unexplored perspective
to discoveries.(4,14,15,17,38,40) The book takes a big picture view: to better understand
science, its methods, its limits and its future, we have to study them systematically,
combining methods and evidence from across fields. So what exactly do we cover in
the book?

Chapter 1:Howdowe spark newdiscoveries?To tackle the puzzle, we study science’s
biggest discoveries and link them to the methods and tools they used and to the
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discoverers themselves. We find a surprising pattern: across fields, science’s major
discoveries are sparked by a new method or tool that enables exploring the world in
entirely new ways—from revealing unexpected bacteria to unknown particles. Often
within just a few years. We uncover that powerful tools—from new x-ray devices and
electron microscopes to statistical methods and spectrometers—have each unlocked
dozens of major discoveries that were impossible without them. Inventing the laser
for example triggered breakthroughs across fields that impact our lives from laser
surgery to fibre optics—the backbone of high-speed internet and telecommunications
we rely on. InChapter 1, we lay out the core analysis that the other chapters build on—
giving us a powerful new way to understand and accelerate discoveries. This leads us
to explore how common expected and unexpected discoveries are in the next chapter.

Chapter 2: What role do serendipity and chance play in discovery? For many, this
is the most puzzling and mysterious feature of discovery—because it seems unpre-
dictable. By analysing science’s major discoveries, we uncover a striking pattern
behind the surprise: breakthroughs often seen as serendipitous are actually triggered
by using a powerful new tool, for the first time, thatmakes the unexpected observation
possible. From pulsars (neutron stars) using a new massive radio telescope, to super-
conductivity using a new liquefier. New tools systematically enable other researchers
to arrive at the same findings applying these same discovery tools. Serendipitous dis-
coveries generally reduce the role of theory as they are sparked by new tools before
anyone knew what to look for or how to explain it. In short: new tools are what com-
monly unlock surprise. It is far less about stumbling upon serendipitous insights and
far more about engineering discoveries by constructing better ways to see, sense and
think—and accelerate unexpected findings. So what if much of the randomness and
serendipity associated with discovery so far has not come from the scientific system,
scientists and their minds, or even unpredictable timing—but from something else
entirely: not yet focusing deliberately on our tools’ blind spots? Understanding the
role of surprise in discovery brings us to the next chapter, where we explore just how
cumulative science actually is—and how our discoveries fit into the overall picture of
scientific progress.

Chapter 3: Does science mainly go through revolutionary paradigm shifts—or is sci-
entific progress mainly cumulative? Here we test this influential hypothesis of abrupt
paradigm shifts—like the Copernican revolution. We uncover a remarkable pattern.
Three key measures of scientific progress—science’s major discoveries, methods and
fields—each point to the same finding: the deeply cumulative evolution of science,
not sudden ruptures that fundamentally challenge and overturn what we believe. In
fact, we find that we have not entirely replaced any major scientific methods or tools
we use across fields—from spectrometers to lasers. Likewise, we have not entirely
abandoned any major scientific fields—from nuclear physics to biomedicine. They
are not subject to radical paradigm shifts; rather, we expand them over time. Scien-
tific discoveries are also highly cumulative: only 1% of over 750 major discoveries
have ultimately been abandoned. We also explore the classic scientific method of
testing hypotheses by observing and experimenting: is it compatible with the cumula-
tive nature of science—and did science’s major discoveries follow it? After examining
the inner workings of science, we explore the broader external factors in the next
chapter.
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Chapter 4: How does the broader environment—demographics, institutions and
resources—help support the scientific process, and our powerful new tools? And more
intriguingly, who are the scientists behind our major discoveries? By studying sci-
ence’s biggest discoverers and their broader traits, what emerges is a unique portrait
of the greatest scientists in history. This also enables spotting what factors only apply
to certain breakthroughs—and what connects across them. Strikingly, we find that
interdisciplinary scientists, those with broader method training, are behind about
half of science’smajor discoveries. TheGermanKonrad Bloch for example completed
degrees in chemical engineering and biochemistry, enabling him to apply new iso-
topic labelling methods to discover how cholesterol is regulated in our body. We also
find that younger, more motivated scientists are the ones behind most of our greatest
advances. And surprisingly, most discoverers work at less-known institutions at the
time of their discovery. This flips the common assumption about where discovery
happens—not just at top-tier institutions. We then broaden the lens from individual
discoveries to also study scientific fields in the next chapter.

Chapter 5:Howdo new scientific fields emerge? Fields embody our greatest scientific
advances and accumulated bodies of knowledge. Here we trace the origins of science’s
major fields including hundreds of fields spanning across science, offering a unique
opportunity to uncover the common force driving them. We find that the speed
of opening new research domains is mainly determined by how quickly we create
new tools: particle detectors launched high-energy physics, microscopy techniques
triggered neuroscience and randomised controlled trials kick-started experimental
economics. The pace at which science expands is not random. For tools enable a
completely new perspective to the world—and without them, the fields would not be
possible. Our extraordinary development of new statistical techniques, x-ray devices,
microscopes and spectroscopes has fuelled a wave of new disciplines: each enabling
over ten new fields to emerge. In fact, about a quarter of fields are themselves the new
method or tool—from laser physics and computer science to x-ray crystallography
and econometrics. After uncovering how powerful tool innovations spur scientific
advances, the key question we need to answer to close the logical circle is how we
make tool innovations themselves—the topic we tackle in the next chapter.

Chapter 6: How do we create new methods and tools—that spark new discoveries
and fields? To answer this, we begin by tracing the remarkable stories behind sci-
ence’s greatest toolmakers: from Ernest Lawrence’s particle accelerator to Theodor
Svedberg’s centrifuge. In this foundational chapter, we bring together some of the
key pieces of evidence. We show that—without powerful tools to detect or measure—
more funding and collaborations are not enough, our scientific theories cannot be
meaningfully developed or tested, and unexpected or serendipitous observations
are not possible. So what if we no longer wait for new discovery tools to emerge
by chance? How many big breakthroughs are we missing because we have not yet
begun prioritising tool innovation? Here we map out the crucial pathways to create
new tools—the discovery engine. We lay out a map of scientific methods—explored
and unexplored method combinations that can help uncover and predict untapped
opportunities.We introduce the idea of setting upmethods labs and hubs—as incuba-
tors of innovation—that catalyse tool creation. What emerges is a new general theory
of discovery—one that can provide a foundation for a newfield targeted to developing
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methods: theMethodology of Science. After tackling the question of the foundations of
science in Chapters 1–6, we then take a bigger leap—and explore the deeper origins
of how we started science in the next chapter.

Chapter 7: What are the early origins of science and our methods? Is the engine of
science today the same as it was in our past? We find that the key turning point in
scientific history came with the unexpected invention of tools that enhance human
perception: the first microscope and telescope. They opened unimaginable new
worlds and sparked most major discoveries of the 17th century. They put science
on a no-return path of rapid discovery, triggered wider curiosity and kick-started
modern observational and experimental science. Before their invention, science was
limited by ancient tools and human senses—but their arrival broke those barriers,
giving us direct access to microscopic and cosmic realms we never imagined. These
extraordinary instruments did not emerge from scientific institutions, a large sci-
entific community or formal scientific method. Instead, they inspired them—after
observing the extraordinary discoveries these tools made possible. But to understand
how we got there, we go further back: how did we develop our ability to do science
in the first place? We cannot study what triggered our advances throughout human
history as systematically as we can study contemporary discoveries using statistics.
But we can trace what has driven dozens of transformational early breakthroughs—
from the agricultural revolution to the scientific revolution. So while we, throughout
the book, examine scientific methods and tools systematically applied in research—
such as computational methods and x-ray devices—in this and the next chapter, we
broaden the scope to study more basic, general methods and tools that go far beyond
the narrow scientific context. Andwe turn to howwedeveloped thesemethod-making
abilities in the next chapter.

Chapter 8: Canwe best explain our success, throughout history, by our unique human
capacity for method-making—enabling us to better meet our needs, solve problems
and develop vast knowledge? Throughout history, we have continually refined our
abilities, to invent navigation techniques using stars, apply plant-based medicines
to heal wounds, devise lunar calendars to predict seasons—and eventually develop
farming techniques and early mathematical systems. Each method gave us a sur-
vival advantage. Eventually, we developed the microscope and telescope that enabled
vastly surpassing the limits of our evolved mind—triggering the discovery of entirely
new stars, moons and medicines. The evolution of this capacity for method-making
and tool-making marks one of the most fundamental changes in human history—
and it enables science today. But what made this possible? How did we shift from
our unaided mind to developing increasingly cumulative methods? While evolution
gradually honed and refined our inherent methodological abilities to observe, think
and imagine throughout human history, we eventually began honing, refining and
amplifying them into methods and tools. The bigger the innovation in method, the
bigger the leap in progress. Our success is a remarkable story of realising the power
of leveraging this capacity to conceive better tools that enable us to think, test and
predict better. We are complex method-makers who extend our own minds. Bring-
ing together the evidence throughout the book leads us to the question of how we
can best develop a general theory of discovery—a question we explore in the next
chapter.
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Chapter 9: Can we develop a general theory of discovery, backed by different types
of evidence and methods across fields? We cannot design an experiment to measure
what our tools cannot detect. In science, the tools we use largely determine how and
what we can study—and the questions we can ask. Powerful new tools—from super-
resolution microscopes to the gene-editing method CRISPR—in turn unlock entirely
new types of questions and discoveries that were not imagined before. Here we take
a step back and look at the bigger picture, merging and expanding the insights from
earlier chapters—with new perspectives. While the search for grand explanations of
how science progresses has largely been abandoned since Kuhn’s concept of paradigm
shifts, we expand the general theory of scientific progress here: the new methods-
driven discovery theory. This theory is backed by diverse kinds of evidence from
five different domains: statistical analysis of science’s major discoveries, evolutionary
biology, cognitive science, scientific practice, and philosophy of science. Integrating
the five different explanations, this unifying theory offers a new understanding and
roadmap for discovery. It is commonly about overcoming the limits of our methods,
mind and senses with powerful new tools that outthink, outsee and outimagine our
own minds. Our tools do not just assist science, they largely define it. This leads us to
explore our scientific bounds in the next chapter.

Chapter 10: What are the current limits of science—and what exactly shapes those
limits? Can we keep pushing forward into the edges of the universe, atoms, genes
and human societies? These are key unanswered questions, but the answers are often
less mysterious than they seem. So here we unpack our present boundaries—after
we tackle the foundations and origins of science in earlier chapters; and the three
puzzles are deeply interconnected. Yet when studying our boundaries, researchers
commonly explore what we are not yet able to explain—from dark matter in physics,
to how life began in biology. But here we explain how our current scientific fron-
tiers are shaped by five factors: our scientific methods and tools set the present limits
of what we can observe, test and discover in most of science today, but our evolved
mind shapes howwe develop thosemethods—while the time and placewe live in, our
human perspective and our social context help shape what we study within these lim-
its. Science’s boundaries are not fixed, they are the shifting edges of a map we redraw
with each major new tool. Still, there are many mysteries we cannot unlock with our
current tools today: from the size of the universe and superstrings to how conscious-
ness emerges. But there is a paradox: understanding what drives the current limits of
science is the best way we have to expand and redefine these very limits—the topic
we turn to in the next chapter.

Chapter 11: How can we push our present limits of science—andmake new advances
that expand the frontier faster? Inventing tools with cutting-edge innovations—
sharper resolving power, greater computational strength, more statistical power—
continually break the boundaries at the frontier. From developing the gene-editing
method CRISPR to rewrite genes, to creating quantum computers to solve prob-
lems we otherwise could never do, the power of our tools is enormous. So how
do we actually push our limits and accelerate discoveries? To break new ground
in any field, we generally first have to spot where our tools run into bottlenecks—
and then tackle them. It is about amplifying our ability to see, measure and theorise
about the world with enhanced lenses. Whether better fighting climate change with
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cutting-edge carbon-capture methods or better mapping the brain’s complexity with
more advanced neuroimaging and AI analysis, our progress depends on constantly
pushing our tools’ boundaries. Here we map out the steps we need to take to expand
the top tenmost influential discovery tools—from x-ray devices to statistical methods.
Researchers best equipped at the edge of science are those who can best see the gaps
in our tools and what we know—and test new ones to fill these gaps. Here we also
explore deeper questions: are there fundamental limits to what we can discover in
some domains? And what can the future of science look like—and how can we power
it with new tools, including AI tools?

As we go through the chapters of the book, we take a journey across the founda-
tions, boundaries and future of science—by tracing science’s major discoveries and
turning points. Along the way, we uncover a powerful framework—built on new evi-
dence and a new theory—for understanding discovery and methods. And this lays a
foundation for two fields: the science of science and the methodology of science.

Defining discovery, methods and science—and how we study them

To do science andmake breakthroughs, scientists develop and usemethods and tools,
gather and analyse data, provide explanations or a theory based on the results and, in
extraordinary cases, uncover a major discovery—the hallmark of scientific progress.
Here we instead go backwards: we begin with science’s major discoveries and the
discoverers behind them, gather and analyse data on how those discoveries are made
and the methods and tools they used, to ultimately develop a theory of discovery
based on the common patterns across them.

How do we study and uncover something as complex as scientific progress? Just as
there is no onemethod in biology or physics to tacklemajor questions, there is also no
onemethod to study science itself. How science and discovery are currently explained
can be grouped into five main approaches: explanations by historians exploring
rich case studies of individual discoveries,(15,16,59,60) scientometricians tracking high-
impact articles and how often they are cited,(3,14,21,23,39,61) psychologists examining
discoveries indirectly with experiments on how scientists think,(62–65) computer
scientists modelling the discovery process(66–70) and philosophers exploring the con-
cept of what discovery means.(17,25,28,71,72) Scientometricians, computer scientists
and psychologists analyse quantitative data, while historians and philosophers offer
in-depth, narrative insight.

To unpack how discovery works, we combine the different types of methods and
evidence across different fields into a coherent framework. As the backbone of the
analysis, we statistically study science’s over 750 biggest discoveries—the method we
use most in the book; while we also explore the personal motivations behind the dis-
coverers themselves (Chapters 1–6). We draw on qualitative methods and insights
from cognitive science and evolutionary biology, and from the history and philos-
ophy of science (Chapters 7–9). We also analyse science’s top methods and tools
themselves—from lasers to spectrometers (Chapters 10–11). In short, we turn the
methods of science onto science itself: applying scientific tools and techniques to
study science and its best methods. That means combining large-scale data analysis
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(to uncover the common patterns across discoveries), rich case studies (to explain
the biggest discoveries in detail) and conceptual analysis (to understand scientific
concepts deeper). Integrating these mixed methods, we gain a deeper and broader
understanding.

So to uncover what drives breakthroughs, we need an integrated approach that
overcomes the shortcomings of relying on a singlemethod. Because the current expla-
nations of discovery are built around the particular method that researchers use. The
method applied does not just guide research, it shapes—and constrains—the very
questions researchers are able to ask and the answers they are likely to find. If we use
the commonmethod of scientometricians, or philosophers of science, or historians of
science and so on, thenwe can only look at problems that large-scale data on citations,
or conceptual analysis, or individual case studies can address.

Take scientometricians who show for example that the most impactful scientific
work appears randomly throughout a scientist’s career—a finding based on big data
analysis of article citations.(12,35,37) But we are left asking how scientists triggered that
high-impact research. Take philosophers like Karl Popper who argue that there is no
logic behind how discoveries arise—an idea based on conceptual reasoning.(17,25,28)
But we are left without an analysis of discoveries to test that claim. Take historians like
Thomas Kuhn who popularised the notion of paradigm shifts shaping science—an
insight drawn from few case studies of famous theories.(15,16,73) But we are left with a
focus on select theories that does not allow us to spot broader patterns—or generalise
about science, but that is precisely what Kuhn still did. This sparked an enormous
debate on what actually drives scientific progress that persists today. What is clear is
that discovery is far too complex to study or understand using just one method and
exploring just one or a few factors—and it is the reason why it is still a puzzle.

Here we do not start with a method and then explore what questions it can tackle.
Instead, we begin with the big question: what actually sparks science’s major dis-
coveries? And we let that question guide which methods we need. So what is the
best way to tackle this question? To answer it, we take the most direct route pos-
sible: we open up science’s over 750 biggest discoveries across fields and history
and—one by one—collect and analyse detailed data for each discovery. This means
studying how each breakthrough was made, what methods and tools they used, what
the traits of the discoverers are and what kind of broader environment they worked
in. This enables us to spot the common thread driving them. The aim has been to
provide the most systematic, comprehensive and in-depth analysis of discoveries to
date. So instead of just focusing on a discovery in detail, or tracking high-impact
papers from high altitude, we merge the different approaches. Throughout the book,
we zoom in and zoom out—like turning a microscope on the discovery process
itself. What is remarkable is that the broad statistical patterns from two independent
sources (all nobel-prize and major non-nobel discoveries)—and the more detailed
findings from different methods across fields—are deeply consistent with each other.
This kind of cross-disciplinary convergence—that the evidence consistently points
in the same direction—is rare in studies on discovery. And it reveals something
fundamental and consistent about the hidden patterns driving discovery. It is this
kind of broad, evidence-rich approach that enables a bigger picture of scientific
progress.
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Howdowe definemajor discoveries?The structure ofDNA, the human genome, the
periodic table of elements, gravitational waves, relativity theory and CRISPR gene
editing reflect groundbreaking discoveries. These are common examples of major
discoveries. A major discovery is defined as a new experimental, methodological or
theoretical breakthrough that marks an entirely new way to understand the world,
opens new paths of inquiry and later has a proven, lasting impact on science. Here
we study science’s major discoveries—spanning all nobel-prize and major non-nobel
discoveries—that form the foundation of themajor fields across the natural and social
sciences (as we explore in depth in the next chapter). For both scientists and the
general public, these discoveries are often the most exciting aspect of science.

Science in general is often defined as the study of the ‘world through observation,
experimentation, and the testing of theories’ (Oxford English Dictionary).(74) But
as we go through the evidence in the coming chapters, we will develop a broader
understanding that gets at the core of what science is.

What are scientific methods and tools? Scientific methods are systematic
techniques—such as controlled experimental, statistical and computationalmethods;
scientific tools are systematic instruments—such as telescopes, x-ray devices and elec-
tron microscopes; both are used to study the world and extend our ability to observe,
measure and analyse, and are general-purpose. This means they can be applied to
different questions and often domains. In practice, researchers often use the words
method and tool interchangeably—and we do too for simplicity. What matters is
what they do: both give us better ways to see and think. Together, methods and tools
make up what we call our scientific toolbox. (To be clear, we are not referring here to
cognitive abilities like observation and hypothesising, or theoretical frameworks.)

The origins: the book’s methods-driven and interdisciplinary
approach

As the book offers a new way to tackle this fundamental puzzle, it is worth briefly
explaining how this approach to studying science and discovery came about, before
we begin. After finishing my PhD, I worked on applied research projects with gov-
ernments and the World Bank for five years. It was an exciting mix of research and
policy, working on complex, real-world challenges and tackling them by thinking
across disciplines. Whether we worked on public health, energy or agriculture, we
constantly had to integrate different methods—and pull together perspectives on the
environment, human behaviour and social systems to find solutions that work.

That applied, hands-on research led me to two key insights that lay the founda-
tion of this book. First, I realised that the specific method we use shapes what we
see. If we apply big datasets and statistical models, our answers are different from if
we run controlled experiments, if we employ mathematical methods or if we apply
rich, in-depth qualitative methods. The method we use is not a neutral lens—and
gives different kinds of insights. Second, I realised how adopting one disciplinary
perspective also does not take us very far in understanding and tackling a complex
challenge—whether malnutrition, climate adaptation or fostering innovation. In the
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real world, complex challenges always cut across disciplinary boundaries—and the
only way to tackle them is by crossing those boundaries and combining multiple
methods. There is no way around it—and this is clear doing applied research. But
in academia, research generally stays siloed, shaped by researchers’ training in a spe-
cific method and specialised in a field. Time, resources and institutional incentives
also reinforce that narrow focus.

So when I returned to academic research, I brought this big-picture mindset with
me—but this time to study science itself. I realised there is a pattern running through
breakthroughs I came across in public health, economics and medicine: each break-
through seemed to rely on using new method innovations. Developing randomised
controlled trials, new statistical methods or novel ‘natural experiment’ techniques
revealed completely new kinds of findings. I began to wonder, could there be a deeper
principle at play—that newmethods drive newbreakthroughs across science? I set out
to test it. To my surprise, no scientific study has yet explored the role of new meth-
ods and tools in discovery across science, and no study has yet explored the wide
range of factors—at the same time—that may play a role in the discovery process.
That big-picture approach was lacking.

Over fifteen months, I did extensive full-time research to compile the compre-
hensive data on science’s major discoveries across fields. I read each of the over 750
discovery-making publications to meticulously track down and extract the data. For
each of these breakthroughs, I compiled detailed data ranging from the discoverers’
age, their education level, their gender and their university at the time of the discov-
ery, to the methods and tools they used, if their discovery was serendipitous, and
much more. In total, the study covers 32 different variables for each discovery—
and over 20,000 individual data points were collected and verified, one by one.
This time-intensive research lays the backbone of this book. It involved building
a dataset from the bottom up—detailed to zoom in on any one major discovery,
and broad to zoom out across science’s major discoveries, enabling rich analysis at
different levels. It allows asking and answering new kinds of questions about the
role of each of these factors—and crucially, at the same time. At the core: what
common driver links across science’s major discoveries—and what influences only
certain breakthroughs? What patterns show up when we look across centuries, not
just decades; or across scientific fields, not just some; or across methods and tools,
not just citations or theories, and so on? It offers a new, broader understanding
of how discoveries emerge—that earlier research studying one or a few factors has
overlooked.

The book is the result of this work that developed over many years—the biggest
and most demanding project I have ever taken on. The motivation and input for this
book is shaped by these experiences. The differentmethods I learnedworking in these
different domains enables tackling the complex puzzle frommultiple angles. Much of
this research has been published in peer-reviewed scientific journals (under a creative
commons licence), and this book brings the findings together—and goes far beyond
them—by connecting the dots into one big picture.(75–81,390) Another book of mine,
Science of Science, qualitatively studies the foundations of science across 14 different
fields—from psychology and philosophy of science, to computer science and biology,
sociology and economics of science.(82)
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Before we get started, let us take a final step back. In a nutshell, we will explore
how the story of discovery is not unpredictable and mysterious—and not what most
people think: science’s major discoveries are not commonly driven by greater fund-
ing, larger teams, bigger theories or serendipity.(6,11,15,20) When we examine science’s
over 750 major discoveries systematically, a different and clear pattern emerges: new
tools andmethods are themost overlooked factor and commonly the central driver of
discovery. What is surprising is that, so far, our methods and tools have been largely
created in an unplanned and unstructured way. But if we want to speed up break-
throughs, we have to rethink how science is structured and organised—and shift how
universities, journals, scientific awards and funding bodies incentivise science.



PART I
THE DRIVERS OF SCIENCE

AND DISCOVERY

In Part I of the book, we take on some of the biggest questions about science: how
do we drive new discoveries, scientific fields and science in general? To answer these
questions, we have to trace science’s major discoveries themselves, map the methods
and tools they used, and explore the broad range of traits of the discoverers behind
them—spotting the common patterns and insights along the way. Understanding
what drives scientific advances will then allow us to tackle other fundamental puz-
zles about science: what are the deeper origins of science—and what are its current
limits and how can we push beyond them? These are the challenges we turn to in
Parts II and III.





1
Sparking discovery

How new methods and tools trigger science’s major
breakthroughs

Summary

Discoveries transform our lives—through breakthrough medicines, technologies
and completely new ways to understand the world. Yet one of science’s greatest
unsolved puzzles remains: how do new discoveries actually emerge? Despite their
impact, there is still no general theory explaining howmajor breakthroughs across
science arise. To tackle the puzzle, we study science’s over 750 major discoveries—
spanning all nobel-prize and major non-nobel breakthroughs—and link them to
the methods and tools they used and to the discoverers themselves. We find a
surprising and striking pattern: science’s major discoveries are sparked by a new
method or tool that enables observing, studying and understanding the world in
entirely new ways—and commonly reveal what we did not even expect. From new
bacteria and viruses to unknown particles and distant galaxies. In fact, we uncover
that most discoveries in the last few decades are triggered just a few years after
the tool was created—and many at the same time. From new microscopy tech-
niques that exposed the extraordinary structure of our nervous system, to a more
powerful particle accelerator that revealed the antiproton. Remarkably, we also
find that powerful tools—from new x-ray devices and electron microscopes to
spectrometers and chromatography—have each unlocked dozens of major discov-
eries that were impossible without them. What unites the diverse discoveries that
each of these tools made possible is not a shared theory, research teams or more
funding, it is using the shared powerful tool—each uncovering groundbreaking
findings across different fields. Understanding this tool-driven principle of scien-
tific progress gives us a powerful newway to understand and accelerate discoveries.
We can apply this principle widely across science, from physics to medicine, and
it can provide a foundation for the science of science—and a new way to predict
discovery itself.

Overview

When Theodor Svedberg built the first ultracentrifuge in 1924 at Uppsala Uni-
versity in Sweden, he could not have imagined that his new invention would be
used in developing many discoveries across biology and medicine. At its core, the
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ultracentrifuge is an instrument optimised for spinning samples at ultrahigh speeds
at over 20,000 revolutions per minute. It enables us to separate small particles—from
cells to viruses—in fluids, gases and liquids. A few years later, when Svedberg’s doc-
toral student Arne Tiselius developed the breakthrough method of electrophoresis in
1930, he could not have predicted that this new techniquewould be applied inmaking
many discoveries—and even lay the groundwork for the powerful method of DNA
sequencing. Electrophoresis allows us to separate different substances by their size
and electrical charge—like proteins or DNA fragments. It has helped transform how
we understand many diseases and our immune response. Today, gel electrophoresis
is used in cutting-edge research from personalised medicine to forensic science. We
will return to the human stories behind science’s best toolmakers—what drives and
motivates them to push the boundaries and make these inventions. But we first zoom
out to tackle the big question: how do we actually spark new discoveries?

Ask ten scientists, and we often get ten different answers. Surprisingly, there is no
consensus—not across the fields that study science, and not even within them. How
can discovery—the most groundbreaking and fascinating part of science—remain
so elusive? The two most common answers given across science are: breakthroughs
come frommore funding (that can enable more researchers and experiments)(6–8) or
from research teams and collaboration (that can bring together more expertise).(9–11)
Others argue that they happen through interdisciplinary research,(83,84) through
greater training and education(44,85) or even through more productive younger
researchers.(12–14,86) Still others argue that they come about from paradigm shifts in
theories(15) or from problem-solving(15,87,88)—or even from sudden flashes of insight
or serendipity.(17–20,29,30) As the book unfolds, we will explore how each of these fac-
tors varies by discovery, by field and by researcher—and alone are not enough to
trigger breakthroughs.

Of five main disciplinary approaches to explaining discovery, computer scientists
are the most ambitious—attempting to develop computer programmes that could
generate new breakthroughs.(66–70) Some can only reproduce past discoveries—
in abstract or limited ways.(66,70,89) Others leverage large-scale data, new arti-
ficial intelligence (AI) methods and advanced statistics to help detect patterns
and make predictions—like modelling climate change and identifying new drug
candidates.(90–92) Scientometricians track the system and dynamics of science—
following the trails of cited papers across metrics like high productivity, col-
laboration networks and career paths in science.(3,14,39,61) Psychologists explore
the minds behind the breakthroughs—tracing what shapes scientific reasoning
and motivation.(32,62,64,65) Historians often turn the lens on past scientific theo-
ries but also remind us that context matters—with pandemics, changing govern-
ments and global challenges at times nudging the history of science in certain
directions.(15,16,59,60) And finally, philosophers are oftenmore sceptical—arguing that
how discovery happens does not follow a systematic or logical process.(17,25,28,71,72)

Despite the different explanations, we have not yet uncovered what the common
driver tying discoveries together is—the unifying thread. Could it be because science’s
major discoveries have simply not yet been studied in a comprehensive way that lets
us spot the common patterns? And because studies have not yet systematically inves-
tigated a crucial piece: the role of new methods and tools? In this chapter, we take
on this challenge. After all, many see the ‘identification of fundamental mechanisms
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responsible for scientific discovery’ as the core question of the science of science—as
the holy grail of research on discovery.(3–5,93)

A newway forward for us to solve this fundamental puzzle is taking themost direct
path: opening up science’s over 750major breakthroughs for in-depth analysis of who,
when, where and how they emerged. By analysing the methods behind them and the
broad traits of the discoverers themselves—at the same time—this allows us to com-
pare and assess the different factors together. It enables us, for the first time, to tackle
the puzzle at its core: what consistently sparks science’s biggest breakthroughs—the
common driver—and what factors only apply to certain breakthroughs? This powerful
new approach moves us beyond the common limits of exploring one factor or small
samples of discoveries.(41–44,94) It opens the door to developing a general theory of
science’s major discoveries across fields. So instead of generally isolating one piece of
the puzzle, we can see the full picture. At its core, we explore the wide range of fac-
tors from the age and training of the discoverers to their university ranking, whether
serendipity played a role, and much more. Surprisingly, we find that discoveries con-
sistently share one common pattern: across fields and time periods, science’s major
discoverers rely on a new method or tool that triggers their new breakthrough find-
ing. What is remarkable is that this is the only factor that consistently shows up in
breakthrough after breakthrough—from chemistry and medicine to astronomy and
beyond. We unpack this key finding up front in Chapter 1. In the chapters that fol-
low, we will explore in depth the range of other factors—and why some matter only
for specific breakthroughs.

By examining science’s biggest discoveries, we will uncover, for example in biol-
ogy, how powerful methods and tools—from new microscopes and electrophoresis
to centrifuges and chromatography—transformed the field and how we understand
life. These extraordinary tools triggered discoveries that were previously impossible:
from viruses to the structure of the cell. We uncover this striking pattern across sci-
ence. Before inventing these tools, we faced blind spots andmuchof naturewas simply
out of our reach. But after creating them, we could see further, think deeper and probe
more complexly into new layers of reality.

How we measure and track science’s major discoveries

At this point, readers may just want to get to the discoveries—and the stories behind
their discoverers. But before we get there, we first have to lay out the data—this
may seem dry, yet it is essential. Much of what follows builds upon it—laying the
foundation for studying how science’s major discoveries unfold. These cover all 533
nobel-prize-winning discoveries across science—from the first year of the prize in
1901 to 2022. The Nobel prize is widely seen as the most prestigious scientific award
for ‘themost important discoveries’—withwinners selected by leading experts in their
field.(95) Yet not every major breakthrough wins a Nobel. Some came before the prize
existed, others can fall somewhat outside its scope. To capture as complete a picture
as possible, we also incorporated the discoveries featured in all science textbooks that
list the top 100 greatest scientists and their breakthroughs—and span across fields
and history; in total, seven textbooks were published and added to the dataset.(96–102)
After excluding duplicates, 302 discoveries remained—and of those, 74 won a Nobel.
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This left 228 discoveries that—when added to the 533 nobel-prize discoveries—brings
us to a total of 761 major discoveries that shaped the history of science across fields.

If the Nobel prize had existed earlier, eminent scientists—from Galileo, Newton,
Hooke and Boyle to Darwin and Maxwell—would almost certainly have received the
prize. And they are all included here among the major non-nobel discoveries. The
large overlap in discoveries between each of the science textbooks and the nobel-
prize discoveries points to the strong consensus on science’s biggest discoveries. It
reinforces that we cover basically all of the most influential discoveries across science
(as mapped out in online Appendix Figure 1.1). Likely, everyone will find their top
50 or 100 greatest scientific discoveries among these over 750 discoveries.

Still, many leading studies on scientific progress trace patterns in citations sim-
ply because how often researchers are cited is easy to access and study. Bibliographic
databases already provide the data, eliminating complex manual data collection. But
here, with this new approach, we identified the original discovery-making publica-
tion for each of the 761 breakthroughs. For each discovery, we extracted the central
method or tool they used—outlined in that publication—and linked the data to the
broader traits of the discovery and discoverer. We then confirmed the year both the
central method and discovery were made. Unlike citation data that can be gath-
ered and analysed in weeks or months, this research demanded much greater time
and extensive manual research. This is the first book built on manually reading
and extracting data from each of the over 750 discovery papers (as for example
most older papers cannot be processed using text recognition). By adopting this
deeper approach, we can trace the discovery process as described by the discoverers
themselves—and then confirmed with other scientific publications.(95,103–108) This
approach enables us to get inside eachmajor discovery across science and also explore
them at scale—probing them from outside or at high altitude as well.

So each discovery—whether experimental, theoretical or methodological—is
linked here to the central methods and tools they used (such as specific electron
microscopes and statistical methods) and to the characteristics of the discoverers—
all at the time of the discovery. The central method or tool is defined as a major
method or tool applied in the discovery-making paper. In the paper, it is commonly
highlighted by the discoverers (and often also in their Nobel lectures) as key to the
breakthrough. We find that the discovery would not have been possible without it.
And the method is also later widely adopted, and typically used to generate multi-
ple discoveries, showing its scientific impact. The main source is thus the discovery
paper—and for discoveries earning a Nobel that means the prize-winning studies.(95)
And just to be clear: throughout the book, whenever wemention a year, we are always
referring to when the discovery or method was published—not when the Nobel
was later awarded (for interested readers, more details on the data are in the online
Methods Appendix).

Five key insights: how powerful new methods and tools trigger
discovery

Let us begin with a breakthrough in astronomy. In 1946, the astronomer Martin Ryle
revolutionised how we explore the universe with an innovative invention. He did not
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construct a larger telescope, but linked smaller telescopes kilometres apart that could
capture radio waves. Built at Cambridge, this new system opened telescopic obser-
vations on a massive scale—as large as the space between the different telescopes.
It added power and precision, making it possible to map distant stars and galaxies
with unprecedented resolution. And it opened a new window onto the universe that
transformed radio astronomy.

Then in 1967, a groundbreaking discovery was made by Antony Hewish and his
24-year-old graduate student Jocelyn Bell Burnell. While scanning the sky, Burnell
noticed a peculiar signal—a regular pulse of radio waves, something no star was
supposed to emit. It was the discovery of pulsars—neutron stars—sparked by an
enormous new radio telescope that Hewish built that same year using that same inno-
vative technique. Before their discovery, neither pulsars nor quasars were known
and no theory could have predicted they exist. Jointly, the two published this
trailblazing finding in Nature, in a paper titled Observation of a rapidly pulsating
radio source. Yet when the Nobel prize followed, it was awarded only to Ryle and
Hewish—overlooking Burnell. But the deeper insight is that without the invention
of radio telescopes, pulsars would have remained invisible. We could not other-
wise detect the radio waves emitted by galaxies, supernova and pulsars millions of
light-years away. In short: they give us access and unlock a part of the universe
that was out of reach before them. They are just one of many extraordinary instru-
ments that transform not only what we can detect—but how we can imagine the
universe.

By analysing science’s over 750 greatest discoveries, we uncover five powerful
insights—that we will unpack in the chapter’s next five sections:

1) We spark science’s major discoveries by developing a new method
or tool—that makes the breakthroughs possible. New tools like x-ray devices,
electron microscopes, spectrometers and chromatography have each enabled
uncovering dozens of breakthroughs—from revealing the structure of
molecules and vitamins to the mechanisms of cellular life. For each of these
tools, the shared thread across the different discoveries they made possible is
not a common theory, research teams or additional funding, but it is using the
common tool—each uncovering breakthrough findings across different fields.

2) Our powerful tools trigger new breakthroughs by extending what and how we
can observe, detect and measure the world. We see this clearly in the ten
central methods and tools most used to make nobel-prize discoveries: statisti-
cal/mathematicalmethods, microscopes (optical and electron), x-raymethods,
centrifuges, spectrometers, chromatography, electrophoresis, lasers, particle
accelerators and particle detectors.

3) There are three ways new methods and tools power new discoveries. One way
is that a researcher develops a method or tool and then uses it in making a
discovery (responsible for 25% of science’s major discoveries). The second way
is that a researcher creates a new method or tool, and another researcher—in
the same or a different field—uses it to trigger a discovery (representing 50% of
cases). The thirdway is that a researcher invents a newmethod or tool that is the
major discovery itself (making up 25% of cases)—like the electron microscope
and the particle accelerator.
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4) New breakthroughs often follow soon after developing the new enabling tools.
Surprisingly, one in tenmajor discoveries has been sparked simultaneously—or
in the same year—the new key method or tool is created. Two in ten fol-
low within two years. And since 1975, more than half—at 51%—of major
discoveries emerge within just four years, highlighting the power of method
innovations.

5) Creating a newmethod or tool is often more foundational to scientific progress—
across different fields and over time—than individual scientific discoveries.
While a single breakthrough can reveal bacteria or detect a planet, the same
tool can uncover multiple discoveries: from cells and mitochondria to galaxies
and exoplanets that were not even being searched for. Our powerful tools—
whether microscopes or spectrographs—often outlive single scientific discov-
eries in impact. Because many enable multiple discoveries: in different fields,
at present and in the future. Many such breakthroughs are exploratory—not
theory-driven—and they begin with a new lens to the world.

We spark science’s major discoveries by developing a new method
or tool—that makes the breakthroughs possible

Digging into the data and papers of science’s major discoveries across fields and over
time, we find a striking and consistent trend. Each discovery-making paper relied
on a new method or tool—and the study, including usually experiments, could only
be conducted by using it. The strong link is remarkable: analysing science’s major
discoveries, we find that new breakthroughs are enabled by applying a new method
or instrument for the first time to a problem. That is what commonly makes it a
breakthrough—it reveals something we could not see, detect, develop or test before,
without that method.

Let us look first at the turn of the 20th century. At the time, physicists focused on
the fascinating newly detected subatomic world. The first subatomic particle discov-
ered was in 1897—the electron. Joseph Thomson unexpectedly detected it using an
instrument he improved the previous year: a cathode ray tube. At first, many physi-
cists relied heavily onmathematics—using abstract equations to describe the electron.
That changed in 1911 with the invention of the first particle detector that could visu-
ally show particle trails: the cloud chamber. For the first time, we could actually
see and measure the trails left by charged particles. It was built by Charles Wilson
working at Cambridge. With this one groundbreaking instrument, we introduced an
entirely new kind of evidence to physics: launching particle physics as an observa-
tional science (Picture 1.1).(109) Then in 1929, Ernest Lawrence—at just 28—made
another extraordinary invention: the first particle accelerator. Working at Berkeley,
he designed this new instrument that could propel charged particles to high speeds
using electromagnetic fields. Before it, we did not know that many subatomic par-
ticles even existed. And without this invention, we would not have discovered the
antiproton or uncovered the weak force—that changed how we understand matter
and the forces governing physical reality. So even particle physics—often seen as one
of science’s more theoretical fields—has deep roots in powerful tool innovations that
helped make the field possible and transform it into a precise experimental science.
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Picture 1.1 The world’s first particle detector that visualised particle tracks—Wilson’s cloud
chamber, 1911.
Reproduced from Rolf Kickuth via Wikimedia Commons.

Another great leap came in 1952, when Donald Glaser constructed an entirely new
kind of particle detector: the bubble chamber. Built at the University of Michigan, it
allowed studying particles at much higher energies than before. Together with par-
ticle accelerators, this tool was instrumental in the theoretical discovery of quarks
in 1964—fundamental particles that make up protons and neutrons. Our ability to
observe and measure the smallest units of matter—atoms—was revolutionised with
these powerful discovery tools: particle detectors and accelerators.(110) They opened
upnew layers of reality thatwere invisible, unknown andunimaginable before—using
our bare mind. With them, we could see the evidence unfold before our eyes. And
without them, none of these breakthroughs could have been possible.

In fact, a range of powerful tools and methods that have made discoveries pos-
sible were awarded a Nobel prize for their creation: from particle detectors and
accelerators, to x-ray methods, spectroscopes and centrifuges; from advanced micro-
scopes, electrophoresis and statistical methods, to chromatography, the laser, the
PCR method and many others. Each of these remarkable tools enabled multi-
ple discoveries—experimental, theoretical and methodological—that in turn won a
Nobel, as we see in Figure 1.1 (and Appendix Figure 1.3). Each was designed in one
field—like physics—but then triggered discoveries in different fields—like biology,
chemistry and medicine.

We next zoom further out on this puzzle of how new methods and tools spark
breakthroughs. To study it, we trace science’s major discoveries—spanning from 1575
to the present—and compare the year each new method or tool was developed with
the year the discovery was made using it. It is straightforward to visualise: each new
method or tool is shown as a vertical line (│), and each breakthroughmade using that
method or tool is shown as a dot (●) on the same horizontal line—see Figure 1.2. If
a new tool triggered multiple discoveries, we see a cluster of dots aligned with that
tool’s timeline. Take the first particle detector that visualised particle tracks invented
in 1911—marked as a vertical line│. It enabled the discovery of the positron in 1932—
appearing as a subsequent dot● on the same horizontal line. Or take the invention of
x-ray crystallography in 1913 that led to the discovery ofDNA’s double-helix structure
in 1953. The history of science reveals a pattern: discoveries cluster after major new
tool innovations that are applied for the first time. Over time, the gap between new
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Figure 1.1 New central methods and tools bring about new discoveries
The technical notes below the figures throughout the book are just that—technical notes. They only offer additional details but can be skipped to stay with the main story. The
data shown in this figure highlight nobel-prize-winning methods and tools developed before 1930, and each has led to at least four later nobel-prize discoveries. (Those
developed after 1930 are shown in Appendix Figure 1.3.) The year listed refers to when the tool was created and when the resulting discoveries emerged. ∗One exception is the
spectrograph, invented in 1859 to study the spectrum of light; although it did not receive a Nobel prize, it was used to make five discoveries and more advanced spectroscopes
that were later awarded a Nobel. Due to space limitations, a number of nobel-prize discoveries made using x-ray methods and spectrometers could not be included in this
figure; but they are included in all other relevant figures throughout the book.
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tools and new discoveries is reducing. (The horizontal lines are getting shorter over
time in Figure 1.2.) We explain why later in the chapter. But this time dimension is
important: the earlier we develop transformative tools, the sooner we catalyse new
breakthroughs.

Surprisingly, we find this key pattern across science—that new methods drive
new discoveries by making novel findings possible. We find that the pattern is con-
sistent across science’s major discoveries spanning throughout fields—from physics
and chemistry to medicine and economics—and it is consistent across history—
from past centuries to contemporary science (Appendix Figure 1.5). It holds across
experimental discoveries, such as uncovering the hepatitis A virus with an electron
microscope. It applies across theoretical breakthroughs, such as developing Planck’s
quantum hypothesis based on experiments using spectrometers and bolometers, and
on mathematical methods. And it holds across method discoveries, such as creating
gas chromatography that vastly extended chromatography. As we move through the
chapter, we will unpack this key finding.
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Figure 1.2 We trigger new discoveries by using a new central method or tool needed to
make the breakthrough
The data reflect science’s 734 major discoveries since 1575—including all nobel-prize discoveries
across science. Examples are shown for three tools. Each new method or tool is marked as a
vertical line (│) that all fall along the diagonal 45-degree line. The year a new method or tool is
created is closely linked to the year a discovery followed—with a correlation of 92%. When we
split and compare the data—exploring only nobel-prize discoveries and only major non-nobel
discoveries over the same time period—the pattern remains strong: a correlation of 88% and 81%,
respectively. This highlights that the pattern is not driven by just nobel-prize discoveries but is
consistent for both groups of discoveries.
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Few tools have transformed science as drastically as the microscope—our prime
example of a powerful discovery tool. Microscopes have uncovered about 7% of
science’s major discoveries—an enormous contribution to scientific progress from
a single kind of instrument. This spans from the first microscope in 1590, which
inspired later ones such as the achromatic (colour-corrected) microscope in 1841, to
scanning tunneling microscopes in the 20th century.(46,47) Each generation of micro-
scopes are not just technical upgrades, they are scientific catalysts—eachone revealing
deeper layers of reality. It all started with Zacharias Janssen—a Dutch eyeglass maker
who created the first microscope using a simple converging lens of glass beads.(46)
This groundbreaking invention marked a turning point in tool-driven science: we
had—for the first time ever—a tool in our hands that enabled us to look through its
lens to uncover an invisible world. Cells, bacteria and mitochondria were revealed
without even searching for them. No one hypothesised or imagined they could even
exist. But these unexpected discoveries changed howwe understand human life itself.

Take the British RobertHookewho uncovered cells in 1665. By looking through his
new 300-powermicroscope, designed in 1662, he observed a honeycomb-like pattern
in a piece of cork: he discovered cells. His book Micrographia—the first important
work onmicroscopy—launched and popularised themicroscope into wider scientific
use.(111) It also helped establish a concept at the core of biology today: the cell as the
basic unit of life.

As lens systems improved and magnification increased, optical bottlenecks were
broken—again and again.(47,48) The Nobel prize has since been awarded for develop-
ing different powerful microscopes—from the crystallographic electron microscope
developed in 1962 and the scanning tunneling microscope in 1982 to an advanced
single-molecule microscope in 2006. Take the scanning tunneling microscope—that
allows observing and manipulating matter at the level of individual atoms, like no
instrument could before. This breakthrough helped launch nanotechnology. Such
powerful tools do not just extend our sight—they reset the boundaries of what is
observable and thinkable. And they are not isolated advances. So far, about 30 nobel-
prize discoveries have been sparked using a nobel-prize-winning microscope as the
central tool. The electron microscope alone makes up about half of them: from the dis-
covery of cell structure in 1945 to the discovery of ribosomes in 1955. This pushes the
electron microscope—as a unifying tool—into the foreground of these breakthroughs it
made possible across fields; while it pushes a particular theory, research team or large-
scale funding into the background of these microscope-driven breakthroughs—Box 1.1
(Appendix Figure 1.3).

Box 1.1 HowErnst Ruska built the electronmicroscope—catalysing
breakthroughs across biology, medicine and physics

Only a handful of breakthrough inventions are as exciting and transformational
as the electron microscope. It is one of the ten central methods and tools most
used tomake nobel-prize discoveries. Before it, manymicroorganisms, molecules,
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viruses and nanoparticles were often beyond the reach of any lens—and amystery.
After it, we could observe, study and begin to understand these hidden worlds
in the extraordinary detail it offered. The story traces back to the German Ernst
Ruska.(47) Ruska said that as a child, he was inspired by his ‘father’s big Zeiss
microscope … [who] sometimes demonstrated to us interesting objects under
the microscope’.(48) So how did he exactly develop the electron microscope? The
design is straightforward: he realised that improvedmagnetic coils can be used as a
lens for electron beams—and such an electron lens can be applied to depict images
of miniscule objects on a fluorescent screen by pointing the lens towards them. In
other words, irradiating extremely small objects with electrons. He then linked
two electron lenses to create a primitive microscope—that he kept improving
(Picture 1.2).(47,48,112)

Picture 1.2 Ruska’s instrument, 1933.
Reproduced from Nobel Prize 1986a.(48)

This new tool could magnify—for the first time—far beyond any conventional
light microscope: achieving magnification of up to 12,000 times. When Ruska
designed the first prototypes between 1931 and 1933, he was an unpaid PhD stu-
dent at the Technical University of Berlin. He did get a modest stipend of 100
Reichsmarks a month in the second half of 1933 to improve its design—and he
completed it in November. It turned out to be a highly efficient and very low-
cost instrument at 500 Reichsmarks in 1933 (about 2800 US$ in 2025 prices).(48)
Remarkably, he built the most powerful microscope yet invented at the time with-
out large funding, a large team or a large research lab—a pattern we will see across
a number of science’s most important methods and tools. After its creation, Ruska
went towork at Siemens, where he spent two decades developing commercial elec-
tronmicroscopes. In themeanwhile, his extraordinary tool unlocked over a dozen
major discoveries—and it completely transformed biology. Despite the impact,
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Ruska received delayed recognition: he was awarded the Nobel in 1986—53 years
after his breakthrough. An astonishing fact for ‘one of the most important inven-
tions’ not just of the century but the history of science.(47) After zooming in on this
powerful instrument, we now zoom back out to explore the broad patterns across
science.

Next, when we trace science’s biggest discoveries over time, a clear trend emerges:
in the decades when we develop more major new methods and tools, more major
discoveries follow using them. It is not random. It is a consistent pattern that holds
across time periods—as visualised in Figure 1.3. Around the turn of the 20th century,
the pace of tool innovation accelerated quickly. In fact, the first half of the 20th cen-
tury stands out as an extremely productive era for major method advances across
fields—spanning everything from x-ray crystallography to new statistical methods
that transformed fields (explored in more detail in Appendix Figure 1.6).
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In fact, across all Nobel prizes, there is an average 21-year delay between making
the prize-winning discovery and receiving the award. New methods and new dis-
coveries are not decreasing in the past few decades—but trends reflect the delay in
the scientific community recognising major discoveries (Figure 1.3). Take biology.
The entire human genome—made up of three billion letters of our genetic code—
was mapped in 2003. This enormous feat was made possible by powerful new tools
such as automated DNA sequencing and sequence-tagged site maps.(113) Then the
groundbreaking new method for gene editing, CRISPR, was discovered in 2012 by
the French Emmanuelle Charpentier and American Jennifer Doudna.With it, we can
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change the DNA of plants, animals and even human cells with precision—offering
new hope and solutions for treating genetic diseases and cancers.(114)

Or take physics. We detected gravitational waves for the first time in 2015 after
upgrading the Laser Interferometer Gravitational-Wave Observatory (LIGO), a mas-
sive laser interferometer, in the same year. This proved that space can vibrate and
show ripples in spacetime.(115) In astronomy, new high-magnification telescopes have
discovered thousands of planets beyond our solar system since 1995—increasing the
possibility of finding other life in our universe.(116) Then there is particle physics:
the world’s biggest particle accelerator, the large hadron collider, was built by CERN
on the French-Swiss border, 175 metres underground. In 2012, it revealed a new
particle, the Higgs boson, deepening our understanding of the nature of matter.(117)
With many new discoveries across fields, we do not see new breakthroughs slowing
down—a topic we return to later.

Our powerful tools trigger new breakthroughs by extending what
and how we can observe, detect and measure the world

Scientific tools are our lenses, sensors, amplifiers, separators, accelerators, and data-
processers—vast extensions of our eyes, hands andminds. Without them, most of the
universe would remain invisible and unknown. With them, we can see living cells,
weigh single atoms, edit genes, detect black holes, experiment with medical treat-
ments and model climate systems. Our best methods and tools are the foundation
of science.

But how do our best tools exactly expand the boundaries of discovery? Let us
look at the top ten methods and instruments most used to trigger nobel-prize dis-
coveries. Optical and electron microscopes, x-ray methods and spectrometers vastly
extend our visual scope: revealing unimagined worlds of microorganisms, cells, pro-
tein complexes and galaxies. Statistical and mathematical methods massively expand
our cognitive capacity to reason across vast amounts of data: whether mapping how
diseases spread, reconstructing past climate conditions from ice cores or modelling
human behaviour. These few general methods and tools are the most universal ones
in sparking discovery: each one is used across physics, chemistry, medicine and biol-
ogy. Then there is chromatography, electrophoresis and centrifuges that give us the
power to isolate substances and better understand them—from proteins and DNA to
viruses. Particle accelerators and detectors let us collide and track matter at the small-
est scales—and peer into the fundamental building blocks of the universe. Lasers give
us astonishing precision to measure ultrafast interactions in matter, probe the struc-
ture of molecules and calculate vast distances in deep space. Each time we expand our
toolbox with a powerful new method, our horizon of possible discoveries moves. As
we work through the book, we will dig deeper into the power of these extraordinary
tools.

Our powerful tools are a core defining feature of a field. It is difficult to imagine
physics without particle accelerators, mathematical methods, lasers and spectrom-
eters. Or biology without microscopes, centrifuges and controlled studies. Or eco-
nomicswithout statistics, algebraic equations and equilibrium analysis. Or astronomy
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without radio and space telescopes (Appendix Figure 1.7). So why do some tools
transform science more than others? It is because impactful tools are much bet-
ter at extending our sensory and cognitive range: giving us greater resolving power,
higher sensitivity, more computational strength, greater statistical power and entirely
new measurement domains we could not reach before. That is when deeper layers of
nature become accessible to us.

Take x-ray instruments—among the most transformative tools of discovery that
science has. In fact, the first year the Nobel prize in physics was awarded to the
German Wilhelm Röntgen for discovering x-rays. In 1895, Röntgen stumbled on a
breakthrough observation: he saw an image of one of his keys on a photographic plate
he happened to place next to a discharge tube (a Crookes tube) that was developed
in 1875. It was the discharge tube that generated the unexpected image.(118) When he
took an exposure of his wife’s hand, her bones and wedding ring appeared starkly on
the plate; she reportedly said: ‘I have seen my death’.(118) He immediately published
the finding. This landmark discovery triggered a cascade of breakthrough develop-
ments: fromx-ray diffraction in 1912 and x-ray crystallography in 1913 to improved x-
ray telescopy in 1962 (Figure 1.1). Over 20 nobel-prize discoveries—across medicine,
chemistry and physics—have been uncovered with x-ray instruments. What is strik-
ing is that using x-ray tools to spark a number of discoveries was not intuitively
clear before we had these tools—from uncovering the inner architecture of viruses
to revealing the structure of ribosomes and cholesterol. The lesson repeats: before
the tool, these worlds were largely hidden; after the tool, they became data.

Box 1.2 HowMax von Laue developed x-ray diffraction—triggering
advances in chemistry, physics and biology

X-ray diffraction and crystallography opened a newwindow intomatter—and rep-
resent another one of the ten methods and tools most used to make nobel-prize
discoveries. The remarkable technique would go on to unlock the structure of pro-
teins and viruses. It began with the German Max von Laue. What inspired him to
invent the method? Von Laue said that after he joined the University of Munich,
his interest was constantly drawn on by ‘the influence of Röntgen’s work at this
University and subsequently by Sommerfeld’s active interest in X-rays’.(119) These
strange, invisible rays could pass through flesh—but what exactly were they? It
was in 1912, at the age of 33, when von Laue conceived the method—and he dis-
cussed it with his colleagues while on a skiing trip, but they were sceptical.(119)
Yet von Laue went ahead with the design and worked with two technicians at the
university, Friedrich and Knipping. X-ray diffraction is surprisingly straightfor-
ward: shine a beam of x-rays through a copper sulfate crystal—and then record
the pattern they create on a photographic plate. What it revealed was stunning: a
pattern of spots in circles (Picture 1.3). These diffraction patterns offered the first
proof that x-rays are waves—not particles—and that crystals have regular, repeat-
ing atomic structures.(119,120) It marked the creation of a new method that could
reveal the structure of matter itself.



SPARKING DISCOVERY 35

Picture 1.3 X-ray diffraction pattern from a crystal.
Reproduced from Nobel Prize 1914.(119)

The x-ray diffraction instrument he developed is simple: an x-ray tube on one
side (the left), a small crystal in the centre, and a photographic plate on the
other (the right)—as seen in Picture 1.4. These materials were purchased at low
costs.(119,121) It was yet another case of science’smost importantmethods and tools
designed without large funding or a large research lab. Scientists quickly recog-
nised the importance of this exceptionalmethod—and he received theNobel prize
just two years later, in 1914.

This method immediately opened the way for William and Lawrence Bragg’s
research on new techniques for analysing crystal structures with x-rays. The
techniques spurred new fields like x-ray crystallography, x-ray spectroscopy and
molecular biology—and sparked a series of breakthroughs in organic and inor-
ganic chemistry. William and Lawrence Bragg then received the Nobel prize in
1915 for extending these essential x-ray methods. Today, these tools are still at the
cutting edge—used to design newmaterials, study batteries and semiconductors—
and even model protein structures for drug discovery.(119,121)

Picture 1.4 Laue’s instrument, 1912.
Reproduced from Eckert 2012.(121)

Some of the most powerful tools in science are not designed for the fields that end
up using them most. Breakthrough methods are often born in one corner of sci-
ence, are adopted and then spark breakthroughs in entirely different disciplines.
What is fascinating is how this happens in ways the original inventor never pre-
dicted. Lasers and particle accelerators for example were initially rooted in physics,
but they also drive discoveries in chemistry—while they are even applied in biol-
ogy and medicine. Today, they are used to manipulate biological cells, treat cancer
and even guide eye surgeries. Both medicine and chemistry use for instance chro-
matography, the PCR method and blotting techniques to separate and transfer
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proteins or DNA—and these methods are even used in forensic science and envi-
ronmental testing. Both physics and medicine employ for example cathode-ray
oscilloscopes and counters to measure radioactivity—whether for cancer treatment
or nuclear experiments—and they are even used in environmental science and bio-
chemistry. Such widely used tools spread across a shared interdisciplinary methods
space—a web of methods and tools that link fields together (Appendix Figure 1.8).
Chemistry, medicine and biology share the most tools, followed by physics and
chemistry.

The scientific community is largely a tightly knit method community. In fact, the
scientific world is far more unified by shared tools than most realise. While the-
ories can differ across fields, methods often move between and across them. This
points to a key insight: a method or tool can often be the key unifying thread
across discoveries and fields, not just theory. This becomes clear looking at how
highly interdisciplinary tools—like electron microscopes, x-ray methods, spectro-
scopes and Geiger-Müller counters—are each leveraged to trigger discoveries across
physics, chemistry, medicine and biology, like no theory can. Yet economics and
social sciences largely only share statistical methods with other fields.

Take the radiocarbon dating method—invented by the American physical chemist
Willard Libby in 1949 at the University of Chicago. What is radiocarbon dating
and how does it work? The method is simple: carbon is a component in biolog-
ical organisms—including all living animals and plants—and when an organism
dies, the carbon-14 content decays at a constant rate; and that is used to measure
how much carbon-14 remains in a sample—and to determine its age. To develop
the method, he used a Geiger counter, a detector for measuring radioactive decay
originally invented in physics. Libby’s ingenious method enables us to measure the
carbon-14 content of bones, wood, fabrics and fossils—and establish their age with
unprecedented accuracy.(122) Libby published the breakthrough method in a paper
in Science titled Age determination by radiocarbon content: world-wide assay of natu-
ral radiocarbon. His technique offered something archaeologists had only dreamed
of: a clock for prehistory. It earned him the Nobel prize. Before inventing it, we
were heavily constrained in estimating the age of organic material—it was often
guesswork. After it, we had reliable data. For the first time, we could date human
settlements, extinct animals and climate changes going back tens of thousands of
years—with astonishing precision.(122) Nothing has been more important than this
method in developing the fields of archaeology and earth science—and reconstruct-
ing the history of our species on our planet.(123) Theories and grant funds have
not had as much impact as this simple but essential tool across these domains and
discoveries.

There are three ways new methods and tools power new discoveries

When we think of discovery, many imagine a researcher using an existing dom-
inant scientific method or tool. Here we dig deeper to ask: what are the actual
channels through which our innovations in tools spark breakthroughs? Examining
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the over 750 discovery-making studies, we find that breakthroughs do not emerge
from conventional methods. Instead, they can be categorised into one of three
pathways:

• method-to-discovery by the discoverer: a researcher develops a new method or
tool themselves that they use to make the scientific discovery.

• method-to-discovery by another researcher: a researcher develops a newmethod
or tool that another researcher applies—sometimes in an entirely different
field—to make the scientific discovery.

• method-to-method by the discoverer: a researcher develops a newmethod or tool
that is the major discovery itself, and does so by building on other methods.

Across all nobel-prize discoveries, these three pathways account for 25%, 47% and
28% of discoveries (Figure 1.4). Discoveries are thus not just experimental or theo-
retical, but 28% were awarded for a method breakthrough (149 times out of all 533
nobel-prize discoveries). So how does this breakdown give us a deeper picture of how
science works? It helps understand not just where innovation starts, but how it hap-
pens and spreads. The first pathway—where the discoverer makes both the needed
method and the discovery—highlights how tool innovation directly spurs break-
throughs. And this strategy is rare in conventional research. Take the experimental
physicist Kamerlingh Onnes—who developed an improved liquefier in 1906 along
with a sensitive thermometer in 1907 for measuring temperatures as low as absolute
zero.(102,124) Using these tools, he discovered liquid helium in 1908 and supercon-
ductivity in 1911—the surprising phenomenon where certain materials, when cooled
to extremely low temperatures, conduct electric current with zero resistance. Super-
conductivity did not just advance physics—it changed technology. Today, it powers
instruments from magnetic resonance image (MRI) scanners in hospitals to particle
accelerators and quantum computers.

Then there is the father and son duo,William and Lawrence Bragg—who designed
an x-ray spectrometer in 1912 that enabled them to discover the structure of crys-
tals just a year later. Their groundbreaking paper The reflection of X-rays by crys-
tals published in the Proceedings of the Royal Society led to the spread of x-ray
crystallography.(125) Crystals, after all, make up an important building block of part
of our world—they are in the ice, table salt and sugar we consume. By studying crys-
tals, we can understand the structure of compounds and how the biomolecules of our
muscles and bones function.

John Vane, a pharmacologist at the Wellcome Research Lab in England, devised
a new bioassay technique in 1964—called cascade superfusion, allowing scientists
to study how drugs interact with live tissues in real time. He used his technique
to make a life-saving discovery in 1976: prostacyclin, a molecule that prevents
blood clots.(126) The breakthrough explained how aspirin works—the most used
drug in the world to alleviate pain—and it helped shape modern cardiovascu-
lar treatments. Moore and Stein, at the Rockefeller Institute, invented the first
automatic amino acid analyzer in 1958—a device that could analyse proteins
faster and more precisely than ever before. Later that same year, they used their
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device to discover the chemical makeup of ribonuclease, a molecule that breaks
down RNA.(104) RNA is the molecular messenger that turns DNA into proteins—
essential to nearly every function in our body. Each of these scientists earned
a Nobel prize for their discovery. In short: many great discoverers do not wait
but invent entirely new methods as part of the scientific process—or method-
ological process of discovery. These discoverer-inventors identified the missing
methodological link: building the instruments that make it possible to find new
answers.

The second pathway we have seen throughout the chapter—a researcher uncov-
ers a discovery using a method another researcher invents. Then there is the third
pathway—where the new methods are the discoveries themselves. Again, method
breakthroughs (like experimental and theoretical breakthroughs) build on other
methods and tools. Method discoveries are remarkably common in some fields: 39%
of all nobel-prize discoveries in physics and 36% in chemistry have been awarded
for developing a major new method or tool, with medicine and biology at 10%
(Figure 1.4b). Take frequency comb spectroscopy, created in 2000. This laser-based
technique lets scientists measure light frequencies with extraordinary precision—
for example when searching for earth-like planets. The RCT method for poverty
alleviation introduced in 2003 enables measuring how effective government policies
are. An advanced single-molecule microscope invented in 2006 made it possible to
track and image how proteins fold, how viruses invade cells and how drugs interact
with receptors—through super resolution. The breakthrough genome-editing tech-
nique CRISPR developed in 2012 gives us the extraordinary ability to modify the
genes of living organisms and offers us hope for curing inherited diseases.(114) In fact,
the share of these method discoveries has been rising over time (see Figure 1.4a).
The time around the 17th century, when some of the most foundational scien-
tific tools were born, marks an exception—and we will explore that in detail in
Chapter 7.

A striking finding emerges: discoverers are unique in realising—although only for
an individual discovery—how to better study a phenomenon with new methods they
develop along theway. Somedevelop a bettermethod or tool they used (pathway one),
others make a breakthroughmethod itself (pathway three). When combined, the two
apply to about half of all nobel-prize discoveries (53%). These incredible researchers
did not wait for others, they grasped the extraordinary power of improving the way
they perceive andmeasure theworld to catalyse discovery. They built lenses, detectors
and models needed to find the answers. In chemistry, physics and astronomy, this
combined number is higher—more than 60% of discoverers. It shows how powerful
it can be when we see not just a problem—but a better way to measure or explore
it. It is also a strong sign that science is not just idea-driven or theory-driven—it is
tool-driven.

So two key strategies we have to gain knowledge in science are: by tracking changes
over time (historical analysis) and comparing different groups in a population to spot
differences (comparative analysis). Just studying part of a population at one point in
time offers one part of the evidence.Whenwe analyse both, we can uncover the bigger
picture: how discovery differs across time and fields (Figure 1.4).
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Figure 1.4 The three pathways of how new methods and tools drive new
breakthroughs—across time and fields
The data reflect science’s 761 major discoveries (Figure a)—and all 533 nobel-prize discoveries
(which we can think of as a measure of contemporary science) (Figure b). Here we expand the
analysis across these five fields in Figure b to include major non-nobel discoveries made over the
same time period—bringing the total to 633 discoveries. The results are similar: the share of
method discoveries for example is 9%, 12%, 28%, 35% and 36% (left to right). This consistency
suggests that the pattern is not just driven by nobel-prize discoveries, but reflects a broader
dynamic across contemporary science.
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Box 1.3 How Kary Mullis created PCR—a simple method that
transformed medicine, genetics and biochemistry

Wenowmove from the broad patterns that connect diverse discoveries to zoom in
on one of themost powerfulmethods used by almost all scientists studying genetic
material: the polymerase chain reaction (PCR) method. During the global coro-
navirus pandemic, PCR tests became a term familiar to people worldwide—and
many of us have taken them to test if we had the virus. The method was invented
by the American KaryMullis. In 1979,Mullis joined the biotech companyCetus in
San Francisco, where there were several biotech firms and research groups work-
ing on improving methods for DNA synthesis. His lab used an instrument that
turned out short DNA strands (oligonucleotides) faster than they could be used.
This research environment provided him inspiration for creating faster ways to
copy DNA.

In 1985,Mullis—at the age of 41—conceived the PCRmethod, reportedly while
driving in the Californian mountains at night. In his words, during the long drive,
‘I stopped the car … found some paper and a pen. I confirmed that two to the
tenth power was about a thousand and that two to the twentieth power was about
a million, and that two to the thirtieth power was around a billion, close to the
number of base pairs in the human genome’.(127) Back in the lab, he ran experi-
ments to see if it worked—applying the Southern blotting technique developed in
1975, together with other methods such as electrophoresis, DNA annealing and a
centrifuge. He was successful. Mullis published the findings in the journal Science.
The experiment proved that he found a solution to one of the biggest problems in
DNA chemistry.

Here is how PCR works: take a DNA sample—from blood or saliva for
example—and apply heat to separate the two strands, and the fragments bind to
each strand, and an enzyme called DNA polymerase begins building new DNA
strands. With each cycle, the amount of DNA doubles. Repeat the process, again
and again, and we have millions—or even billions—of copies in a few hours (Pic-
ture 1.5).(128) AsMullis points out its simplicity, ‘The reaction is easy to execute: it
requires no more than a test tube, a few simple reagents and a source of heat’.(129)
In fact, the PCRmethod is so simple and cheap that Mullis initially struggled con-
vincing his peers of its value. The cost of developing this simple but extraordinary
method was less than a few hundred US dollars.(128)

PCR is now applied in medical diagnosis to detect diseases like HIV infections
or identify genetic disorders and even in palaeontology to retrieve DNA from fos-
sils of extinct animals.We also use PCR in police investigations to analyse theDNA
of a drop of blood or a hair strand. After creating PCR, Mullis soon left Cetus—
receiving a 10,000 US$ bonus for discovering the newmethod. The company later
sold the rights to PCR for 300 million US$. Yet in 1993, Mullis was awarded the
Nobel prize—and then turned to his passion, writing. As we uncover with other
cutting-edge methods across science, the PCR method is just another example of
how we make low-cost but major new methods and discoveries.
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Chemically synthesised
DNA fragments

Many millions of copies of
replicated DNA obtained

Picture 1.5 The PCR method.
Reproduced from Nobel Prize 1993a.(128)

New breakthroughs often follow soon after developing
the new enabling tools

How long does it take for a new tool to spark a major discovery? The gap in time
is getting shorter over time: in the 1800s, it was an average of 30 years; in the first
half of the 1900s, it reduced to 21 and then in the second half to 10 years; and it
finally fell to 6 years between 2000 and 2022 (as we see in Figure 1.5a). Since 2000,
the average time from tool to discovery has narrowed to 5 years in chemistry—and
1.5 years in medicine and biology. Yet this pattern has taken place in a largely impro-
vised, piecemeal way and without a general awareness or theory—without realising
that there is a principle of tool innovation behind discovery. As we would expect, the
gap in time is shorter for discoverers who create a new tool (seen in the darker bars in
Figure 1.5b). This is important: method-inclined researchers see quicker returns and
impact.

The decreasing delay over time illustrates that science—in part—is becomingmore
efficient. Advances in new technologies like higher-performance computers, quicker
data analytics, high-speed imaging and rapid AI and machine learning methods
enable running faster experiments, processing datamore quickly and uncovering pat-
terns that would have been impossible a few decades ago. But we are only scratching
the surface and there is enormous room tomake better tools and discoveries andmake
them faster and smarter—as we explore in depth in Chapter 6.

A key insight emerges here: discoveries generally follow soon after the new key tool
is developed. In fact, we find that 10% of discoveries are sparked in the same year—
or simultaneously—that the enabling tool is created, 21% emerge within two years,
33% within four years and 53% within ten years. Since 1975, most discoveries—
51%—arise within just four years of the new method innovation. This highlights
how innovation in tools is inseparably linked to innovation in science (Appendix
Figure 1.9).
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enabled—across time and fields
The data show science’s 761 major discoveries (Figure a)—and all 533 nobel-prize discoveries
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discoveries during the same time period across these five fields (in Figure b); we find similar
results: for example, the share of discoveries that either are a method or tool—or are made using
one developed by the discoverer—remains consistent at 14%, 12%, 12%, 10% and 3% (left to
right).
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What patterns emerge across fields? Astronomers are by far the quickest in exploit-
ing new tools: more than half (54%) of nobel-prize discoveries are triggered within
two years—and a remarkable 88% within ten years. Take the discovery of a super-
massive compact object at the centre of our galaxy, the Milky Way. It was uncovered
in 2002 by the German Reinhard Genzel and American Andrea Ghez. The ground-
breaking finding was sparked by a new adaptive optics spectrometer constructed the
same year, together with the world’s largest telescopes.(130) Or consider the discovery
of the first exoplanet. It was revealed in 1995 using a new fibre-fed echelle spectro-
graph built in 1993 at the Haute-Provence Observatory in Southern France.(116) This
astonishing breakthrough redefined howwe view our ownplanet—and our very place
in the vast universe. Some fields are slower at translating new tools into new break-
throughs. In medicine and biology, 51% of nobel-prize discoveries emerged within
10 years; in economics, it is 54% (Appendix Figure 1.9). But how we can narrow the
tool-to-discovery gap across fields is a key question we tackle later.

What is one of the most direct signs of the power of our tools in driving science?
When themoment a tool is invented, it sparks a breakthrough. Take the spectrograph,
created in 1859 at the University of Heidelberg. As soon as it was built, it enabled dis-
covering atomic light signatures: that each chemical element gives off a unique light
signature. This groundbreaking instrument allows us to produce properties of light in
the electromagnetic spectrum,measure themass of atoms andmolecules and identify
what planets and stars are chemically made of. The spectrograph became a corner-
stone of modern astronomy, chemistry and physics. Take the microscope designed
with a silver staining technique in 1873. It immediately led to discovering the struc-
ture of our nervous system—and the first view ever inside our previously invisible
nerves and how they could function (Picture 1.6).

Picture 1.6 The first image of a nerve cell, depicted with a new silver staining technique.
Reproduced from Wikimedia Commons.

The mass spectrograph invented in 1919 immediately sparked the mapping and
identification of different isotopes—atoms of the same element that have different



44 THE ENGINE OF SCIENTIFIC DISCOVERY

masses. Some are stable, others radioactive. Isotopes help power medical imag-
ing, cancer treatment, carbon dating and even natural resource exploration. The
frequency variation method designed in 1924 immediately made the experimental
detection of the ionosphere possible—a layer of our upper atmosphere at the edge of
space. It is home to many of our satellites and influences our radio and GPS signals.
An atom trap—called the time orbiting potential trap—developed in 1995 along with
laser cooling immediately enabled the discovery of an ultra-chilled state of matter:
Bose–Einstein condensate. This extreme state of matter allows producing nanotech-
nology and manipulating matter on an atomic scale. A powerful expression cloning
strategy created in 1997 immediately led to discovering our elusive receptors that
detect temperature. It revealed how our body translates heat and cold into electrical
signals in the brain. This fascinating breakthrough by the American David Julius at
theUniversity of California and the Lebanese ArdemPatapoutian at Scripps Research
in California uncovered the molecular basis of touch, pain and temperature.

These are just a few examples of the fastest route to discovery: creating a tool that
instantly reshapes what we can detect, measure or understand. And it is not rare. The
immediatemethod-to-discovery linkmakes up about one in every eight discoveries since
1975—and about three in every ten discoveries are uncovered within two years. That is
not just remarkable, it is key to understanding the nature of discovery (Appendix Figure
1.9). In some fields, it can take a year or longer to run experiments with a new tool,
write up the study, go through the peer review process—in one ormore journals—and
publish the breakthrough findings.

Discovery time lags exist across science: defined as lags in making breakthroughs
when a new method already exists for years but is not immediately applied to tackle
a specific problem. They are important missed opportunities to spark advances using
new methods not yet exploited—within and across fields—over longer periods. Take
the very innovative technique called optical tweezers—initially created in physics in
1970 and published in the prestigious journal Physical Review Letters. This laser-
based tool can grab and hold (like with tweezers) particles using beams of light. But it
was not until 1987 that scientists finally applied it in biology andmedicine. Suddenly,
researchers couldmanipulateDNA strands, viruses and even living cells with extraor-
dinary precision. Today, optical tweezers are used for everything from studying the
structure of proteins to running diagnostic tests for diseases like malaria.(131)

Take the discovery of cyclin in 1982—the proteins that control the cell cycle. The
discoverer, the British biochemist Tim Hunt, said that ‘I did a very simple experi-
ment … It is very surprising that nobody had spotted this before; it could have been
done any time after the invention of the slab SDS polyacrylamide gel [electrophoresis]
in about 1970’.(132) That breakthrough method for analysing proteins was invented
by the Swiss molecular biologist Ulrich Laemmli—published in a landmark article
in Nature, Cleavage of structural proteins. It has played an enormous role in helping
understand cancer and designing drugs. The tool was ready; but no one had yet used
it that way.

The same pattern appears again and again across science. In development eco-
nomics, one of the greatest transformations in understanding the causes of poverty
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and low education came from leveraging a unique experimental method: randomised
controlled trials (RCTs). Employing the method, Michael Kremer, Abhijit Banerjee
and Esther Duflo received the Nobel prize for having ‘introduced a new approach to
obtaining reliable answers about the best ways to fight global poverty’. Yet the RCT
method had long been developed in medicine(133)—with over half a million RCTs
already conducted up to 2003,(134) when economists used it for the first time.(135)
Economists did not reinvent the RCT method but applied it to economic questions.
In fact, the earliest experimental trial is often traced back to 1747, when Scottish
physician James Lind proved that oranges and lemons are effective in treating scurvy
(a severe lack of vitamin C) among sailors at sea.(136)

So why do we have large discovery time lags across science? When there is a delay
of more than several decades, the new tools are often developed in other fields and
not immediately known in one’s own field. Think of optical tweezers and the RCT
method already long employed in other fields. Because researchers are rarely trained
to look beyond their own field formethods, many important discoveries are unneces-
sarily delayed. So some discovery delays stem from artificial borders across fields and
theirmethods. Yetmethods are still the binding constraint—but disciplinary isolation
reinforces that constraint and creates a longer gap. Other discovery delays stem from
scientists trained to focus on findings and theories, not always on testing and exper-
imenting with a wider range of tools that enable them. The key is that whether there
is a long time lag or not, the main spark of discoveries is generally the new tools never
applied before to the specific problem—even if created in one field and adopted later in
another. So discovery delays often represent some of the most overlooked opportu-
nities and low-hanging fruit in science. Because new tools can help cure diseases and
improve society, every year or decade they lie unused is a year or decade of missed
impact. Closing these gaps accelerates breakthroughs—from life-saving treatments to
advances in clean energy. Ultimately, none of these transformative discoveries would
have been possible without these remarkable tools—hidden in plain sight in other
fields (Table 1.1).

But with time lags for years—or even decades—for some discoveries, what is then
a new tool? A new tool does not just need to be invented, it also has to be used. Inno-
vation comes from application, not just invention. We find that 70% of discoveries in
the last half-century aremadewithin ten years of creating the enabling tool—and 90%
within twenty years (Appendix Figure 1.9b). Even if a tool was invented decades ago,
the first time it is ever applied to a new problem is what commonly unlocks break-
throughs. Yet the longest delays are mostly in the early history of science, when the
scientific community was smaller, communication was limited and researchers were
scattered across vast distances—significantly slowing progress. Take the telescope. It
was invented in 1608 and then improved, yet major breakthroughs like discovering
the distance to the sun in 1672, the motion of stars in 1719 and galaxies in 1750 came
much later. Even longer time lags occurred before the 1600s. In these exceptional
cases, the tool had never been used before to tackle the problem, but with the new
lens, the discovery was then possible. Scientific progress relies not just on invention
but access: on getting the right tool in our hands.



     Table 1.1 Discovery time lags: delays between the new tool and a discovery (that slow real-world impact)—examples across different time periods

Making the discovery
is within x number
of years of developing
themethod used

Method or tool developed→ the discovery made using it
1600–1900 1901–1990 1991–2020

pneumatic trough,
improved (1774)→
oxygen (1774)

electron tube, improved (1913)→
laws governing impact of electron
on an atom (1913)

time orbiting potential trap (1995)
→ Bose–Einstein condensate
(1995)

Impact of new
methods and thus
discoveries directly
realised0 years

(same year)
spectrograph, improved
(1859)→ atomic light
signatures (1859)

frequency variation method (1924)
→ ionosphere (1924)

spectroscopy, improved adaptive
optics (2002)→ supermassive
compact object at galaxy’s centre
(2002)

microscope, with silver
staining technique
(1873)→ structure of
nervous system (1873)

electron image processing,
improved (1990)→ electron
cryo-microscopy for
bacteriorhodopsin (1990)

LIGO detector, improved (2015)
→ observing gravitational waves
(2015)

telescope (1608)→
Jupiter’s moons (1610)

starch-column chromatography
(1948)→ synthesis of polypeptide
hormones (1953)

1–5
years

microscope, improved
(1662)→ cells (1665)

particle accelerator, Bevatron
(1954)→ antiproton (1955)

neutrino detector, improved

fibre-fed echelle spectrograph
(1993) → first exoplanet (1995)

(1996)→ neutrino oscillations
(1998)

quadrant electrometer,
improved (1897)→
chemistry of radioactive
substances (1899)

spark chambers, improved (1959)
→ symmetry violation in decay of
neutral K-mesons (1964)

in vivo coimmunoprecipitation
assay (2000)→ oxygen-sensing
mechanism in cells (2001)

thermometer, mercury
(1714)→ Fahrenheit
scale (1724)

metal-oxide-semiconductor (1960)
→ CCD sensor (1970)

electron density map, improved
(1991)→ spatial structure of
potassium ion channel (1998)

Impact of new
methods and thus
discoveries
postponedTi

m
e l

ag



6–10
years

leyden jar (1745) →
nature of electricity
(1752)

molecular spectroscopy (1939) →
magnetic moment of electron
(1947)

telescope, Hubble space (1990) →
accelerating expansion of universe
(1998)

galvanometer (1820) →
Ohm’s Law (1827)

ultraviolet spectrophotometer,
configurationimproved (1954) →

of ribonuclease (1961)

microinjection, improved (1991)
→ RNA interference (1998)

battery (1800) →
electromagnetism
(1820)

chromatography (partition) (1941)
→ carbon dioxide assimilation in
plants (1952)

laser, titanium sapphire (1982) →
stimulated emission depletion
microscopy (1994)

11–20
years

isomer counting (1875)
→ linkage of atoms in
molecules (1893)

transistor (MOSFET) (1960)
quantized hall effect (1980)

→ Northern blotting technique
(1977) → toll-gene in immune
system (1996)

discharge tube (1875)
→ x-rays (1895)

electrophoresis (SDS-PAGE),
improved (1970) → cyclin (1982)

atomic force microscopy (1986) →
production of graphene (2004)

eudiometer, improved
(1777) → atoms (1803)

superconducting quantum
interference device (1964) →
superconductivity in ceramic
materials (1986)

…

21–50
+ years

galvanometer (1820) →
Joule’s law (1841)

x-ray crystallography (1913) →
structure of DNA (1953)

…

microscope, improved
(1826) → antiseptic
medicine (1867)

ultraviolet spectrophotometer
(1941) → crown ethers (1967)

…

Methods or tools—and the discoveries they enabled—are based on science’s 761 major discoveries—with examples shown by time period and time lag.
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We face time lags in not only generating discoveries but also realising the impor-
tance of some. When the Moravian-Austrian monk Gregor Mendel statistically stud-
ied peas, his research went largely unnoticed for decades, but eventually contributed
to how we understand inheritance and genetics. When the British Charles Babbage
and Ada Lovelace designed the first mechanical computer and computer programme,
and when the British Ronald Fisher vastly expanded statistical methods,(137) little
did we know that most of science—including governments and our everyday lives—
would rely so heavily on computers and statistics. We do not always immediately
grasp, and cannot yet imagine, the important impact that discoveries eventually trig-
ger. The same goes for the Wright brothers. They tested flying gliders in a small
town in North Carolina that eventually paved the way for airplanes and how remark-
ably connected we are today around the world.(101) Yet such seminal breakthroughs
revolutionise our lives and how we understand life itself.

Let us look beyond the timing of tools to an important question: have scientists
been able to predict somediscoveries before they happened? Somediscoveries have in
fact been anticipated because the right tools and knowledge were already in place. Yet
predicted breakthroughs make up only a small fraction of major scientific advances.
Take the discovery of DNA’s structure. DNAwas first isolated in 1869, using chemical
extraction methods and new advanced microscopes capable of observing cell nuclei.
Once DNAwas detected, we knew—and could predict—it must have a structure. And
once x-ray crystallography was invented in 1913, we also had the necessary method
at our disposal that could reveal molecular shapes. It was only a matter of time. Even-
tually, researchers used Rosalind Franklin’s crucial x-ray images to uncover DNA’s
double-helix structure—in 1953.(1)

A similar story played out with the human genome. After inventing DNA sequenc-
ing in 1977, it was no longer a question of if we could decode the entire human
genome, but when. A powerful existing method—gel electrophoresis—played a cru-
cial role in separating DNA fragments in the sequencing process. What followed was
a competitive race across research teams for finding the best way to sequence the
whole genome. The publicly-funded Human Genome Project was launched under
geneticists James Watson and Francis Collins. A large privately-funded initiative was
led by biotechnologist Craig Venter at his genomics firm. In 2000, President Clinton
and Prime Minister Blair intervened, requesting open access to the data to coor-
dinate efforts. An integrated method for genome mapping developed in 2001 sped
up the discovery process—and the finish line came into view. It ultimately enabled
achieving the incredible feat in 2003: mapping the entire human genome. This mile-
stone transformed modern biomedicine—allowing us to better diagnose and treat
diseases—and also led to major advances in forensics and even our understanding
of human evolution.(113)

Aparticularly exceptional case is gravitational waves, predicted a year after Einstein
published his general theory of relativity in 1915. Gravitational waves were pre-
dicted to move through space at the speed of light—and they were, at first, a
hypothetical phenomenon, speculative for Einstein himself. Einstein’s theory was
made possible through advanced mathematical methods and experimental find-
ings, especially by Michelson and Morley on the speed of light in 1887 that applied
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the recently invented interferometer. Even those discoveries that at times seem—at
first glance—to be largely theoretical breakthroughs rely heavily on recently devel-
oped powerful tools (Chapter 6). And later, we also first had to create an instru-
ment sensitive enough to physically detect the waves. A century later, the LIGO
detector was constructed—and it was updated in 2015, and within just days, it cap-
tured gravitational waves. The detected waves were about 1.3 billion light-years
away, meaning the signal had travelled for over a billion years before reaching the
earth.(115,138,139)

Another example is the periodic table of elements—created by the Russian chemist
Dmitri Mendeleev in 1869 while working at Saint Petersburg State University. He
achieved the breakthrough using an early classification of chemical elements in 1829
and the mathematical law of octaves developed in 1865. He also indirectly relied,
beforehand, on several new elements recently identified using the new spectrograph
in 1859. And afterwards, the spectrograph was also used to identify some of the pre-
dicted elementswhere empty places remained in the periodic table. It was just amatter
of detecting themissing elements we knew existed. The elements, as a whole, make up
the world we live in and the foundation of chemistry. So uncovering these exceptional
discoveries is often a question of developing or applying the missing method—filling
in the missing pieces (as seen in Figure 1.6).

Creating a new method or tool is often more foundational to scientific
progress—across different fields and over time—than individual

scientific discoveries

Many discoveries are almost inevitable once we create a new tool that enables seeing
andmeasuring further. These breakthroughs range from how we discovered capillar-
ies in 1661, cells in 1665 and bacteria in 1674 after inventing the microscope in 1590.
To how we found mitochondria in 1898 once we designed an improved achromatic
microscope in 1841. These breakthroughs span from how we uncovered Jupiter’s
moons in 1610, Saturn’s rings in 1655, galaxies in 1750 and Uranus in 1781 after
constructing the telescope in 1608. To how we revealed that the universe is expand-
ing in 1929 after making the needed telescope in 1917 and how we detected the first
planet outside our solar system in 1995 after building a high-resolution spectrograph
in 1993. These extraordinary new tools sparked these discoveries that no one had ever
imagined—by extending what we can observe. And they sparked the later theoretical
explanations to describe them. These discoveries were triggered by what the tool in
our hands made possible. And they were highly likely once we invented the needed
tool. Before these tools, we did not know these even existed—the same with micro-
scopes later triggering breakthroughs from viruses and chromosomes to nerve cells
and tissues.

It is difficult to argue that—for example in astronomy—one discovery (such as
Jupiter’s moons) may be more influential for scientific progress in the field than other
discoveries (such as galaxies or the expanding universe). Yet none of these discoveries



early classification of elements (1829)

mechanical computing machine/computer (difference engine) (1833)

computer programming (1843)

natural experiments in medicine (1855)
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Periodic table of elements (1869), 
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Einstein’s general theory of relativity (1915)
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large hadron collider (particle accelerator) (2008)

Higgs particle/boson (2012)
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Gravitational waves (2015)

1825 1850    1900  1925 1950   1975  2000

Legend
Predicted discoveries (in bold)

Methods and tools - together with 
at times existing research - used to
make the discovery (not in bold)

Figure 1.6 Predicting some discoveries: examples of breakthroughs anticipated before they happened
The timeline shows when the central methods and discoveries were made—and the moment when the breakthrough could be predicted.
These predicted discoveries (shown in bold) received a Nobel prize, except for the digital electronic computer, the Turing machine and
the periodic table of elements.



SPARKING DISCOVERY 51

would have been even conceivable without first inventing the telescope—created by
a Dutch lensmaker, Hans Lippershey, in his eyeglass shop in 1608. He designed the
first telescope to helpmagnify distant objects bymounting lenses within a tube. A tool
he thought could ‘likely to be of utility to the state’ especially for military or naval use.
And he had no connection to science.(140) From a new highly sensitive spectrograph
that enabled discovering many exoplanets since the 1990s, to a new radio telescope
that sparked the discovery of pulsars and quasars in the 1960s, this pattern repeats
itself. It highlights the fundamental role of a single instrument: one that sparks multi-
ple unintended discoveries and makes it often the more foundational discovery itself.
Whatmakes them so powerful is that a single tool triggers a cascade of breakthroughs.
Many researchers who would have gotten their hands on the new microscope, opti-
cal telescope, spectrograph or radio telescope could have made these discoveries that
were not searched for—guided more by empirical observations than theory. They
were also made without a large research team.

Discovery often comes down to which researchers get access to the new tool first.
This often pushes our tool innovations into the foreground, and discoverers and other
factors into the background of discovery. We trigger many major scientific advances
not through testing a clear hypothesis, but through exploratory research using a new
tool innovation—a topic we turn to in the next chapter on serendipity.

Exploring science’s major discoveries, we uncover the striking rise and importance
of the most prominent tools in science: hot streaks of discoveries cluster after we
develop powerful new tools (as mapped out in Figure 1.7). The discoveries we unlock
bundle together not by chance but by extending our toolbox—from x-ray methods
and spectrometers to statisticalmethods. For each of these tools, the shared link across
the diverse discoveries it enabled is not the same theory, teams or funding—it is the
tool itself that made them possible. Each one unlocked findings across different dis-
ciplines. What commonly makes new tools the crucial driver of progress is not just
that each of these tools has made multiple discoveries possible, but that many do so
across different fields and in ways their inventors never imagined—and can also do
so in the future (Figure 1.1 and Appendix Figure 1.3).

The causal effect: how new tools trigger new discoveries

We have seen how discoveries follow the invention of powerful new tools. Now let us
dig deeper: how does this cause-and-effect relationship work? There are five pieces of
evidence that show how the two link together.

First, science’s top-ten most influential methods and tools were not designed with
different discoveries in mind—but they still made them possible. Charles Townes did
not invent the maser (the precursor of the laser) to unlock the structure of molecules.
Ernst Ruska did not design the electron microscope to trigger major advances on
viruses and nanotechnology. Max von Laue did not create x-ray diffraction to enable
breakthroughs on the atomic structure of complex proteins or in materials sci-
ence. And yet, each of these tools triggered more than ten such major discoveries.
In fact, these ten general-purpose tools are responsible for 21% of all nobel-prize
discoveries—over 100 of the 533 breakthroughs they could not have predicted. And
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animal experiment techniques (1890)
bioassay technique (1894)
blotting technique (1975)

cathode ray tube (1896)
centrifuge (1924)

chromatography (1931)
computer (1950)

electrophoresis (1930)
formal economic modelling (1870)

game theory analysis (1928)
geiger counter (1928)

microscope - modern optical (1873)
microscope - electron (1933)

PCR method (1985)
laser/maser (1954)

modern statistics (1925)
particle accelerator (1929)

particle detector (1911)
spectrometer (1859)

syringe (1853)
x-ray method (1895)

1800 1850 1900 1950 2000
Year that discoveries were made using method/tool

12
10
8
6
4
2

# of discoveries

Figure 1.7 Timeline of developing and using central methods and tools—each enabling
clusters of major discoveries, since 1800
The data reflect science’s 308 major discoveries made since 1800—including all nobel-prize
discoveries—using central methods and tools that each triggered four or more discoveries.
The year shown marks when each method or tool was first developed—but all have since been
vastly expanded. For modern statistics, 1925 is used as when the method was created—as it was
the year Ronald Fisher, the father of the field, published ‘Statistical Methods for Research
Workers’. It marked the first full-length book on statistical methods and played a critical role in
establishing and spreading modern statistics.(137) For animal experiment techniques, these
became standardised and widely adopted around 1890, including producing animals for
experimental use.

remarkably, about 55 methods and tools have led to two or more nobel-prize dis-
coveries and make up about 80% of all those breakthroughs (426 of 533). This leads
to a key insight: each powerful new tool unlocks multiple questions and findings we
cannot predict. And because each of the ten most powerful discovery tools uncovered
multiple breakthroughs across different fields, their impact often outweighs the varying
role of serendipity, funding or specific theories.

Second, all top-ten tools, and most of the 55 most used tools in science, were
invented in one field but went on to trigger discoveries in other fields. Lasers and
electronmicroscopes came out of physics, but ended up transforming biology, chem-
istry andmedicine. The tools’ inventors did not anticipate the different breakthroughs
across disciplines (Figure 1.1 and Appendix Figure 1.3). This is one of the strongest
signs of a causal relationship: when scientists working in completely different fields
pick up a tool and spark major discoveries using it—with supporting factors like col-
laboration and funding varying by context. It is not necessarily about who holds the
tool, but what the tool can do across fields. Third, not just new tools, but extensions
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to science’s best x-ray devices, lasers and centrifuges, improvements to our best statis-
tical, microscopic and electrophoretic methods, have consistently brought about new
breakthrough advances. Fourth, we have not found amajor breakthrough that did not
rely on a novel method or tool (Figure 1.2). If we want to uncover something new, we
need a new lens, detector or technique to reveal it. There is no way around it. Fifth,
many discoveries have not been guided by a hypothesis or theory, but by designing
a new tool and doing exploratory research with it. In fact, serendipitous discover-
ies commonly depend on using a new tool that enables the surprising breakthrough
observation. We explore this in depth in the next chapter.

We can think of a causal relationship between new methods and new discoveries
using a kind of experimental logic: a quasi-experiment. How does this causal mecha-
nism work? Before we develop the new enabling tool (the treatment), we cannot trig-
ger the breakthroughs (the outcome); but after the tool is created, the breakthroughs
follow—often soon. The odds of making many discoveries are zero beforehand, but
jump when we develop the tools. The timing matters. The invention year is the base-
line, and the discovery year is the endline. The breakthroughs—like uncoveringDNA’s
structure with x-ray crystallography—were not possible without the enabling tools
(the counterfactual). The breakthroughs are not bound to occur specifically when they
do—but they cannot happen without the right method in hand.

Inventing a powerful new method is like getting the clock ticking towards uncov-
ering a discovery that was previously out of reach. The biochemists Archer Martin
and Richard Synge invented chromatographic methods that enabled breakthroughs
they could not have imagined: from the structure of insulin and sugar nucleotides to
carbon dioxide assimilation in plants. The physicist Max von Laue developed x-ray
diffraction that led to x-ray crystallography and discoveries he could never have pre-
dicted: from the structure of vitamin B12 and penicillin to the DNA’s double-helix,
and so on.

Some major tools began with no specific purpose, like the first maser. Or with no
scientific use in mind at all, like the first microscope and telescope. Or are serendip-
itously found, like x-rays. The physicist Charles Townes famously described his new
maser—invented while at Columbia University—as ‘a solution looking for a prob-
lem’ since it had no clear relevance at first.(141) The first microscope and telescope
were both constructed not by scientists but eyeglass makers as an extension of eye-
glasses and simple magnifying glasses. At the time, no one imagined they would
become foundational for modern biology and astronomy—with the telescope for
example first thought to be useful for navigating (Chapter 7).(46,140) Röntgen discov-
ered x-rays by unexpectedly seeing a glowing photographic plate near a discharge
tube.(118)

This gives us a powerful way to understand cause and effect in science: if a tool is
not designed to make specific discoveries, and yet still made them possible—often in
completely unrelated fields—then the tool itself is the key cause. This is clear looking
at science’s most used tools. Using quasi-experimental reasoning, this lack of an ini-
tial relationship to the outcome (not originally intended as tools to make different
discoveries) is important to identify the causal effect of the new tools in catalysing
the discoveries they commonly were not even designed for. The microscope was not
invented to discover bacteria, and a sensitive spectrograph was not created to reveal
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planets around distant stars—yet both tools enabled such transformative discoveries.
This lack of an initial intended relationship helps isolate the new tool as the causal
spark (the independent variable) in driving the new breakthrough (the outcome) that
is otherwise not possible—see Figure 1.8. With the tools already developed, it also
reduces other explanations—like just funding or research teams as the key triggers.
Our tools directly unlock a major advance by providing a completely new perspec-
tive. Without them, supporting factors like money(6–8) and collaborations(9–11) are
not enough. And without something to detect or measure, we cannot generally create
and test theories (as we lay out in depth in Chapter 6).

It is not only discoveries that are surprising but also some tools are unfore-
seen. While eyeglass makers unexpectedly developed the first microscope (Zacharias
Janssen) and the first telescope (Hans Lippershey) as instrumentswe could later use in
science, they caused unexpected discoveries: from cells and bacteria, to the motion of
stars, and galaxies (Figure 1.8). Why are these unintended discoveries? Because they
were not just unintentional for the inventors—who had no idea the tools would be
used in science(46,140)—theywere often also unintentional for the scientists whomade
the discoveries using them. Their unexpected observations were not guided by the-
ory. The theories only came after, built to explain what the tools had revealed. Again,
before these tools existed, the chance of making such discoveries was zero: there was no
way to see exoplanets, or pulsars, or bacteria. And then, suddenly, there was. That is as
causal as science can get. New tools do not just help us discover—they cause discovery.
This causal link holds across time, across fields—from medicine to chemistry—and
across expected andunexpected discoveries. Andwe turn our lens to these unexpected
breakthroughs in the next chapter.

With this consistent pattern across discoveries, can the powerful role of methods
and instruments in science seem self-evident? Yet, what is clear is that there is no con-
sensus among researchers on what powers scientific progress. That is striking, since
all scientists share a common goal: discovery. But the current explanations of discov-
ery do not place powerful new methods at the centre of major breakthroughs—as the
key spark. Rather, they focus on broad supporting factors like funding, teamwork,
chance and serendipity. In practice, science is generally done with existing methods
and tools. That is the default—conventional research using current microscopes, sta-
tistical models and imaging techniques. But the engine of discovery is observing or
measuring something we could not before. And that requires a new tool. That is the
key novel insight here: discovering that science’s major breakthroughs come from
applying a new method or tool (not existing ones) to a problem for the first time.
These tools expand the edges of what we can see and understand. They fill in blind
spots to studying the world inways not possible before. This is themissing piece of the
puzzle in understanding how we cross a boundary we could not cross before—and it
has been overlooked until now.

With new methods needed (and not just conventional ones), how do we actu-
ally develop them? Scanning science’s over 750 major discoveries, we uncover four
common ways. First, we create entirely new methods not yet conceived before—like
electrophoresis that separates molecules. That technique made discovering DNA
sequencing possible. (142) Second, we extend methods in novel ways that also rep-
resents a new method not yet used—like the ultracentrifuge that vastly expanded
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Figure 1.8 The causal power of new methods and tools—unlocking discoveries they are not even designed for
Each of the tools—and the discoveries they enabled—earned a Nobel prize, except for those made with the first microscope and telescope. Six examples of tools are
provided.
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early centrifuges. That tool led to uncovering blood plasma.(143) Third, we com-
bine methods in novel ways that also reflects a new method not yet leveraged—like
x-ray crystallography that merges x-ray methods with crystal analysis. That tech-
nique sparked discoveries from the structure of penicillin to DNA’s double-helix.(120)
Fourth,we adopt newmethods developed in other fields—like the electronmicroscope
created in physics by transforming existing light microscopes and used for the first
time in fields like biology and medicine. That instrument unlocked breakthroughs
from the cell structure to antibiotics against tuberculosis.(112) What all these cases
have in common is that we never applied the new method to the problem before. And
when applied, discovery followed. Newmethods are defined as created through these
pathways—and science’s major discoveries are defined as all nobel-prize and major
non-nobel discoveries. This leads us to the key finding—and title—of the book: The
engine of scientific discovery: how new methods and tools spark major breakthroughs.

So can we better predict the next discoveries? Indeed, this new tools-driven dis-
covery principle not only explains our past discoveries, it expands our current limits
of prediction. We cannot know exactly who will achieve what path-breaking dis-
covery. But when we invent, upgrade, combine or adopt a new tool, that is when
breakthroughs happen. That is when we can predict where the next breakthroughs
can come from, and when. By tracking the pace and direction of method innova-
tions, we can spot powerful signals that discovery is soon to follow. The speed of
tool-building today is generally the best indicator we have to predict future discover-
ies we can spur. Whether a newly invented imaging tool, an upgraded spectrometer, an
advanced telescope combined with AI tools, or a new computational method adopted in
another field. Look at the tools being developed, and we see where science is heading
next.

Conclusion

Newmethods and tools unlock science’s major discoveries by enabling us to see, mea-
sure and understand the world in ways that are impossible without them. This key
pattern holds across time, fields and all nobel-prize and major non-nobel discover-
ies. An awareness across science of this new method-to-discovery principle holds the
potential for a method revolution in science—a shift in howwe think about discovery
and focus our time and resources on developing new tools.

Imagine that scientists in the future could even look back and divide science
into two eras. The era before the method revolution was marked by tool-building
that was ad-hoc and improvised. Powerful instruments were developed in scat-
tered ways, often with long delays between invention and discovery (Figure 1.5).
We were largely not yet aware that the catalyst of progress is creating the very
methods we use to answer our questions. There was no general roadmap, no guid-
ing theory of how discovery happens, no systematic research programmes for tool
development. Scientists had to experiment and tinker on their own—researcher by
researcher—hoping the right tool would come along.

The era of the method revolution can instead be described as tool-building that
would be structured, planned and targeted. We would all have become aware of this
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powerful principle of new methods propelling science. Future scientists may look
back at the advent of this revolution as the point when the scientific community as a
whole began to strategically focus on refining, combining, restructuring and inventing
tools that accelerate the pace of new breakthroughs. No longer would tool innovation
be the side project of a few tool-inclined researchers who deviated from their initial
academic training in established fields. Method invention would be at the centre of
how science is done. It is a shift from askingwhat to study to asking how we can study
better. It is about pushing science’s current boundaries—from gene editing and brain
mapping to exoplanet detection and climate modelling—with our hard-won tools.
And we lay out how in Chapter 6. As the quantum revolution transformed physics in
the 1920s and the cognitive revolution reshaped cognitive science in the 1960s, the
method revolution could accelerate science at an unprecedented rate.

This principle of method innovation reflects a general rule we can apply across sci-
ence. The powerful principle has proven very effective in explaining and uncovering
new advances—and can better predict them. The pace of tool innovation is our best
predictive signal of discoveries. And this principle can also help us lay the foundation
for the science of science.

We will continue to advance our understanding of the world mainly at the pace of
diversifying our toolbox. What is key here is that we need to shift part of our atten-
tion and research to refining the very methods and tools we use as a central part of
the discovery process. This would open yet unexplored terrain, opportunities and
research areas. Scientific progress would then no longer largely remain an uncoor-
dinated and unorganised result of few method-curious scientists. It would be like
moving frombreakthroughsmade by trial and error up to now, to sparking discoveries
using systemic controls based on this methods-powered principle.

Ultimately, tomorrow’s biggest discoveries will be made by those who create and
apply the best new methods and tools today. The future of science—our next leaps
forward—largely lies in tackling our tools’ bottlenecks: the limits of how wemeasure,
observe and test the world.



2
Engineering serendipity

How new tools make unexpected discoveries
possible—and highly likely

Summary

Uncovering how new tools trigger new breakthroughs leads us to explore the
most puzzling andmysterious feature of discovery: serendipity.Many think break-
throughs are serendipitous—an unexpected and fortunate observation. From the
discovery of x-rays to superconductivity. In fact, many believe discovery itself is
unexplainable and unpredictable precisely because of serendipity. But what role
do chance and serendipity actually play in discovery? Are they what we com-
monly think they are? And has discovery been more random than it needs to be,
just because we have not been looking in the right place? By studying science’s
over 750 major discoveries, we uncover a surprising and powerful pattern that has
been overlooked until now. Discoveries often labelled as serendipitous are actually
sparked by using—for the first time—a powerful new tool that makes the unex-
pected observation possible that we are not even looking for: an improved micro-
scope revealed cells, a discharge tube uncovered x-rays, gel diffusion revealed the
Hepatitis B virus and a cutting-edge spectrograph detected the first planet out-
side our solar system. What seems like chance is often just using an entirely new
lens—just as in each of these discoveries. In other words, breakthroughs that seem
serendipitous follow shortly after we create the new tool—with other researchers
able to arrive at the same findings applying these same discovery tools. While a
serendipitous moment was reported in about one in six major discoveries, there is
a pattern behind the surprise: using new tools to make the breakthrough finding
commonly through exploratory research. Why is this important? It changes how
we think about discovery: we can generally better understand individual serendip-
itous discoveries as tool-triggered discoveries that multiple researchers can make.
And most crucially, developing powerful new tools helps reduce chance and pre-
dict new discoveries—whether we label them serendipitous or not. So here we
reframe discovery: because new tools are what commonly unlock surprise, we can
actually design and accelerate discovery—shifting it from a more passive outcome
of serendipity.

The Engine of Scientific Discovery. Alexander Krauss, Oxford University Press. © Oxford University Press (2026).
DOI: 10.1093/oso/9780197829790.003.0003
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Overview

Are many discoveries serendipitous and unpredictable—or can we actually learn
to better anticipate them? Are they more accidental—or more designed and engi-
neered? Many think discoveries emerge as a sudden serendipitous moment, or a
flash of insight, that we cannot study and measure systematically.(17–20,29,30,34) The
term serendipity itself originally comes from a Persian fairy tale, The Three Princes of
Serendip, who were ‘always making discoveries, by accidents and sagacity, of things
they were not in quest of ’.(144) Seeing discoveries as arising serendipitously, defined
as a moment when we make an observation or finding we are not searching for, is
attractive. It is a concept that captures the imagination of both scientists and the
general public.(19) The narrative of serendipity is compelling and appears in science
textbooks, in studies of scientific discoveries(30,35,145) and in science news outlets.(33)
An editorial in Nature argues that ‘data are not available to track it in any meaningful
way… [so largely] academic research has focused on serendipity in science as a philo-
sophical concept… [and so] giving curiousminds free rein to explore naturemaywell
be the best way to generate discoveries’.(19) It seems natural to think we cannot study
serendipity: after all, how could we analyse something that happens by chance? So is
serendipity—by its very nature—unpredictable?

Some scientists, psychologists and philosophers have tried to study the elusive
and difficult-to-measure role of serendipity. Scientists examining the careers of sci-
entists suggest that serendipity plays a key role in breakthrough moments.(30,35,36)
Studies of hundreds of thousands of scientific publications suggest that a scien-
tist’s most impactful research may be randomly distributed across their career—and
appear at unexpectedmoments.(12,35,37) Scientists stress ‘the profound unpredictabil-
ity that pervades many aspects of scientific discovery’.(4) Psychologists explore how
scientists reason, arguing that unexpected discoveries are surprisingly common in
science(146)—and can be linked to creativity.(32) Even philosophers like Karl Popper
argue that ‘there is no such thing as a logical method of having new ideas … every
discovery contains “an irrational element”’.(17,28) The influential physicist Henri
Poincaré also famously said that ‘It is by logic that we prove, but by intuition that we
discover’. AndNobel laureate Carlo Rubbia highlighted that ‘Scientific discovery is an
irrational act’. Other researchers also believe that thinking that ‘the process of discov-
ery has a distinct logic may have been vastly overstated’.(20) Yet arguing that discovery
is irrational or unpredictable does not actually explain it at all—and leaves no direct
way to intentionally spark it. It is also misleading—and can waste researchers’ time
and resources.

A keyword search of ‘serendipity’ up to 2025 in the journals Nature and Science
reveals about 2000 hits. Yet despite the interest on the topic, no large-scale study of
science’s major discoveries yet exists on serendipity.(19) Researchers exploring the
topic commonly focus on the unexpected observations made by discoverers—not
what sparks those surprising observations across discoveries.(17–20,29,30,34) So have
we been looking at the wrong side of the coin?

Here we test that hypothesis: is there a logic to how discoveries emerge, whether
they seem serendipitous or not?(17,28) We will see that we can in fact establish
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a common cause that precedes new discoveries and makes them possible. But to do
this, we need to systematically analyse science’s major discoveries and serendipity
at scale. Only then can we uncover a common hidden pattern that links seemingly
random discoveries together.

So which discoveries do scientists describe as classic examples of serendipity?
Galileo famously discovered the moons of Jupiter serendipitously in 1610, just like
Hooke did when uncovering cells in 1665 and Röntgen when revealing x-rays in
1895.(147) But these scientists were only able to unlock these unexpected discover-
ies by deliberately using a powerful new tool: Galileo’s recently invented telescope
in 1608, Hooke’s improved microscope built in 1662 and Röntgen’s discharge tube
created in 1875. These extraordinary tools enabled these three surprising observa-
tions they were not even looking for—rather than just a flash of insight. Take Arno
Penzias and Robert Wilson who unexpectedly discovered cosmic background radia-
tion in 1964—providing strong evidence for the Big Bang theory and transforming
cosmology. But they actively applied a new highly sensitive radio receiver—a 20-
foot horn antenna built in 1961—that made the surprising finding possible in the
first place.(147,148) Even Robert Hooke himself pointed to serendipity when say-
ing that: ‘the greatest part of invention being but a luckey bitt of chance’.(149) But
he was using his new advanced microscope to unexpectedly discover cells—the
basic building blocks of life. Many also think of Kamerlingh Onnes’ groundbreak-
ing discovery of superconductivity in 1911 as unintentional.(150) But Onnes used
a liquefier he created in 1906 and a sensitive thermometer he built in 1907 to run
systematic experiments. These tools allowed him to measure temperatures as low as
absolute zero and ultimately made discovering liquid helium and superconductivity
possible.(102,124)

What do these classic serendipitous discoveries have in common? Could it be
that they all happened when scientists used—for the first time—a new tool? They
were not expecting what they saw, but could only make the surprising observa-
tions because they were using a tool that had never been used in that way before.
So what if that is how serendipitous discovery generally works? Could the key to
understanding serendipity be the tools we use to explore the unknown—rather than
chance? What if the reason why discovery is commonly thought of as mysterious
and unpredictable is because researchers have not yet studied it in a comprehen-
sive way spanning across science’s discoveries and fields to reveal what they share in
common?

Framing discoveries as serendipitous makes for exciting stories of individual dis-
coverers. We are fascinated by discoverers, often seen as geniuses. It seems natural
to focus on the personal side of science, where discovery can seem random. And we
are more intrigued by surprise than design. From the perspective of an individual
discoverer, amoment of surprise can seem very unsystematic. But what if framing dis-
coveries as triggered by serendipitous moments makes them seem much more blind
than they actually are?

By studying serendipity among science’s major discoveries, we uncover a key pat-
tern here: breakthroughs that seem serendipitous are often made soon after we
develop the new enabling tool. We will see how these tools make the surprising
observations possible—andmake them increasingly likely (before the discovery) and
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replicable by other researchers (after the discovery). The irony is that serendip-
ity is seen as illustrating no structure in the discovery process. But by analysing
these moments of serendipity across science and identifying the pattern driving
them, we find that they actually reveal strong evidence of the mechanism behind
discovery. The key to these unexpected moments is generally the tool—one that
allows us to look at the world in a completely new way. Yet serendipity suggests
a passive process—something that happens to us rather than something we can
actively shape. But tool development highlights a systematic strategy that is far
from passive: scientific progress depends on designing better tools that maximise
the odds of uncovering new observations. It shifts the focus to creating the condi-
tions where surprising moments become possible in the first place—and increasingly
likely.

Thinking of discoveries as serendipitous is not only unhelpful in creating new
breakthroughs, it also offers little guidance for policy on how to best fund science and
incentivise researchers to spur innovation (Box 2.1).(19) So what if the unpredictabil-
ity associated with discovery does not stem from researchers, scientific institutions
or even timing? What if it comes from not yet realising that the very tools we use—
and their blind spots—are largely shaping what we can see, and what we miss? What
if the best and fastest strategy we have to generate new discoveries—whether they
appear serendipitous or not—is to innovate and improve our tools? Could that be
the missing key to reducing chance in science and sparking more new unexpected
discoveries—from CRISPR to exoplanets?

Box 2.1 The mystery of discovery: Karl Popper’s view on the
illogical nature of breakthroughs

The Austrian philosopher of science Karl Popper published his seminal book in
1959: The logic of scientific discovery. Ironically, there he argues that identifying
a logic of how scientific discovery emerges is not possible.(17) Popper’s core argu-
ment is that discovery arises through a scientist’s unexpected intuitions and chance
observations—moments that cannot be predicted because each discovery involves
an irrational element.(17,28) In his view, chance and serendipity play a strong role
in discovery andmake it unexplainable. As he points out, Einstein also argues that
for universal laws of science: ‘There is no logical path … leading to these … laws.
They can only be reached by intuition’.(17) The consequence for Popper is to shift
the focus from how discoveries happen to testing whether theories and discoveries
hold up to scrutiny. In fact, for Popper, ‘The question how it happens that a new
idea … [or] scientific theory [arises] is irrelevant to the logical analysis of scien-
tific knowledge’.(17) For him, scientific knowledge grows when scientists propose
theories and then test and attempt to falsify (disprove) them through experiments.

Other philosophers of science—from Reichenbach to Carnap—also think
discovery is a deeply subjective process and highlight its unpredictable
nature.(17,25,28,151) For them, discoveries are amystery of humanpsychology.(17,25)
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These philosophers do not focus on the process of discovery, but on assessing
an output—scientific theories. After all, testing theories is easier to measure and
evaluate than how we create them. In short, they neglect the fascinating pro-
cess of how discoveries actually emerge. As we reveal here, we can ultimately
uncover measurable features of discovery—and establish a logic of how we trigger
breakthroughs.

Measuring serendipitous discoveries

In statistical studies, we generally cannot make a census or gather data on all individ-
uals in a population because the numbers are too large. Instead, we take a sample—a
smaller subset of the population—and use it to draw conclusions. Yet, collecting data
as comprehensively as possible is crucial to draw general insights about discovery
and the role of serendipity. Here we explore science’s over 750 biggest discoveries—
from those made byMarie Curie, Nikola Tesla and Charles Darwin, to Louis Pasteur,
Rosalind Franklin, James Maxwell and Richard Feynman. This big-picture approach
enables us to move from unpredictable features of a few select discoverers to a more
predictable pattern across the total population of major discoverers.

To explain the extent and nature of serendipity, a discovery is categorised here
as involving a serendipitous moment—including an unexpected observation or
finding—if the discoverers described it as such in their original discovery pub-
lication. Discoveries are also classified as including a serendipitous moment if
the discovery is described as such later in prize ceremonies and interviews of
the discoverers—within nobel-prize documents,(95) one of six encyclopaedias of
science(103–108) or the seven mentioned science textbooks. In fact, the description
for most discoverers comes from two sources, Nobel prize speeches(95) and the
discovery-making paper. Through this search strategy, we confirmed that we cap-
tured all well-known and classic cases of serendipity found in scientific publications.
Discoverers’ reported serendipitous moments are the only way to study whether a
discoverer experienced such amoment as only they had access to the entire discovery
process.

It is important to note that serendipity is not luck. Far from it, serendipity depends
on our ability to use the needed tool to make the discovery and recognise it is
a discovery. Luck means blind chance or passive stumbling—that we do not find.
A serendipitous moment reflects one element in the broader discovery process that
involves leveraging scientific methods and tools and often systematic research and
experiments.We can also assess how effective tools are by applying both general crite-
ria like empirical power and howgeneralisable they are—and tool-specific criteria like
resolution, sensitivity, speed and scope. Tool development is precisely where science
is most intentional and design-driven in response to bottlenecks in our tools—while
serendipity, in contrast, is not about planning and strategy.
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Uncovering the elusive role of serendipitous moments in scientific
discoveries

How common is a serendipitous moment in science’s major discoveries? About one
in six. In total, 84% of discoveries have been sparked using just tools and meth-
ods and 16% using tools and methods and involve a serendipitous moment. So
for discoveries with a serendipitous element, there is one thing they have in com-
mon: using a new method or tool—whether an electron microscope, an advanced
x-ray method or sophisticated computer simulations—that generally made the unex-
pected breakthrough possible. Nomajor discovery—nobel-prize or major non-nobel
breakthrough—has been made by accident, without tools and methods, or by non-
researchers.

Surprisingly, when we explore trends over time, we find that discoveries with a
serendipitous moment are becoming less common (as we see in Figure 2.1a). We
also uncover that 15% of nobel-prize discoveries involve a serendipitous moment
while 18% of major non-nobel discoveries. So the results for both groups of discov-
eries are comparable and robust—and not just driven by one set of discoveries. But
do these overall trends mask important differences across fields? Indeed, discoveries
with a serendipitous moment are concentrated most heavily in astronomy—both for
nobel-prize and major non-nobel discoveries. In fact, they represent about a quarter
of nobel-prize discoveries in astronomy (Figure 2.1b). And yet, what is key is that all
of these astronomical breakthroughs were made possible by newly developed instru-
ments. These tools enabled us to spark the surprising observations about the universe
in a way we never could without them. Take pulsars for example—unexpectedly dis-
covered in 1967 using an immense new radio telescope built the same year at the
Mullard Radio Astronomy Observatory. The serendipity was not in stumbling upon
something by chance—it was in deliberately using this new tool that allowed revealing
something completely new and surprising in the universe.

Vision-enhancing tools trigger unexpected discoveries most often

What kinds of instruments uncover unintended discoveries? We find a striking pat-
tern: most often serendipitous breakthroughs come from using tools that enhance
our vision—and enable seeing what was previously invisible. Following these come
tools designed to separate substances—like chromatography, electrophoresis and
centrifuges; and then come other tools—such as thermometers and Geiger-Müller
counters. In fact, about one third of discoveries with a serendipitous moment were
made alone using our vision-enhancing tools: microscopes, telescopes, x-ray meth-
ods, spectroscopes, cathode ray tubes and other particle detectors (see Figure 2.2).
Each vastly expands our visual range to the world—and sparked the unexpected.
The types of questions we can answer with these tools are questions about ‘what
is out there’. These are often very different from the questions we can solve with
mathematical and statistical methods, commonly used after we know ‘what is out
there’. Discoveries sparked using statistics and mathematics are less likely to involve
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Figure 2.1 Discoveries sparked with a serendipitous moment are decreasing over
time—and are most strongly concentrated in astronomy
The data reflect science’s 761 major discoveries (including all nobel-prize discoveries) (Figure
a), and all 533 nobel-prize discoveries compared to 228 major non-nobel discoveries—as an
independent control and replication analysis (Figure b). NP stands for Nobel Prize. When we
combine all nobel-prize and other major discoveries over the same time period across these
five fields, we find that the aggregate shares are 2%, 14%, 16%, 19% and 37%.
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serendipity, as they tend to be more deliberate and require much cognitive effort—
and not just making a single new unexpected observation. We find this in fewer
serendipitous breakthroughs in economics—that all used statistical methods or alge-
bra. This is an important insight: for discoveries with a serendipitous element, we
can distinguish between those we uncover slower and with more analytical effort
and those we unlock faster and with less effort—especially in more visually driven
fields.

Astronomy is a fascinating example where vision-enhancing tools have been the
catalysts for big breakthroughs. In fact, we have sparked two thirds of major discover-
ies with a serendipitousmoment in astronomy by using optical tools—anew telescope
or spectroscope. In such cases, exploring the unknown leads to discoveries that seem
profoundly serendipitous, simply because we had noway to predict what we are going
to find in unknown terrain—like in a dark room before we suddenly install a new
light. But the only way we achieve them is by designing and leveraging new tools of
discovery.

This brings us to a crucial insight: when a serendipitous moment arises in the dis-
covery process, it is often the new systematic discovery tools that enable the surprising
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finding through exploratory research. What is more is that these tools allow other
researchers to arrive at the same results, sometimes without yet a theoretical under-
standing about what was discovered. So serendipity is generally about using the right
tool at the right moment to unlock surprise.

Serendipitous discoveries triggered by new tools
and methods—concrete examples

We next explore discoveries with a serendipitous moment that happen right at the
time of uncovering the discovery, and those that occur during the scientific pro-
cess before discovery. The most popular examples focus on serendipity that arises at
the moment of discovery itself—simply because they make for more exciting stories.
A well-known example is the Australian Robin Warren’s discovery of bacteria as the
cause of gastritis and peptic ulcers. Warren was not looking for bacteria. In fact, he
was studying gastric samples when he unexpectedly spotted them.(29) Yet working as
a medical doctor at Royal Perth Hospital, he and his colleague Barry Marshall had to
use a high-power electron microscope and fibre endoscope to be able to see the bac-
teria. They had the right instruments at the right time. But they also needed method
training and medical knowhow to realise the unexpected finding is important and
novel—and then publish it.

This was an important medical breakthrough: peptic ulcers affect hundreds of
millions of people worldwide and used to be thought of as a chronic, untreatable
condition. But thanks to Warren and Marshall, we can now easily treat them. Again
and again, we find that when a moment of surprise emerges in discovery, it is often
the instruments we employ that make it possible (Table 2.1). In these opportunistic
cases—when we harness a tool in a new way or to a new question—the tool precedes
both the surprise and a theoretical explanation for it. It is after a serendipitous
discovery that scientists build theories around the unexpected findings.

The powerful role of our tool innovations—and the limited role
of chance

Examining science’s major discoveries, we trace the year a discovery was made by
the year the new method or tool was developed that enabled it, and we then split
the discoveries by those involving a serendipitous moment and those that did not.
Here each new method or tool is shown as a vertical line (│) and each discovery
made using it as a dot (●). Popular examples of serendipitous discoveries—like x-rays
uncovered in 1895 and the first exoplanet detected in 1995—were actually sparked by
two key tools: a discharge tube developed in 1875 and a fibre-fed spectrograph cre-
ated in 1993—visualised in Figure 2.3 (see also Picture 2.1). Another famous case is
Max Planck’s unintentional discovery of quanta in 1900. But Planck was only able
to make the surprising discovery by intentionally building on the famous experi-
ments on blackbody radiation made possible by precise tools like spectrometers and
bolometers—and a model of linear oscillators developed in 1886.(53,160)



Table 2.1 Serendipitous moments in nobel-prize discoveries—sparked by tools (12 examples)

Discoveries
(and the tool ormethod used to uncover them)

Moment of serendipity
arising:

Physics (incl.
astronomy)

Diffraction of electrons by crystals
Clinton Davisson had an accident in his lab in 1925 when a liquid-air bottle exploded that broke an experimental tube. But
continuing the experiment, he surprisingly found that the distribution of the scattered electrons had changed—by applying
x-ray diffraction (developed in 1912) along with other tools such as an electron gun and galvanometer.(152) Davisson
stumbled upon the wave-like nature of electrons, providing strong evidence for quantum mechanics.
Bridgman pressure apparatus
Percy Bridgman studied phenomena under high pressure in 1905 when the tool he used unexpectedly broke. And he
immediately began designing a new sealing device that was much more efficient—and gave rise to high-pressure physics.(153)

during the scientific
process before discovery

First exoplanet
Michel Mayor and Didier Queloz were not actually searching for planets, but for brown dwarfs. But in 1995, they detected a
star wobbling (that was too small to be a brown dwarf ) by using a fibre-fed echelle spectrograph (constructed in 1993)—it was
the first planet discovered outside our solar system.(102,116)

Optical tweezers (using lasers to move objects)
Arthur Ashkin accidentally left samples of viruses open overnight in 1986. He studied these larger particles using an
improved method for optical trapping—that he created in 1978 and involved a microscope with a laser beam. This enabled
him to discover that the particles did not actually move around freely when close to the laser beam but were trapped in the
light beam.(131) The breakthrough allows scientists to manipulate single molecules and cells.

at discovery

Chemistry

Method for genome editing (CRISPR)
Emmanuelle Charpentier was studying the bacteria streptococcus pyogenes and made the unexpected, groundbreaking
discovery of an unknown molecule in 2012: tracrRNA. She was using genome-editing methods and recreating the bacteria’s
genetic scissors—and she had to apply improved differential RNA sequencing (developed in 2010) together with other
methods such as the PCR method and electrophoresis.(114)

Methods for mass spectrometry (soft desorption ionisation methods for studying, e.g., proteins)
Koichi Tanaka used trial and error and made in 1988 ‘a monumental blunder, which was followed by a series of fortuitous,
arbitrary decisions [when he] used the glycerin instead of the acetone’ to observe ions in gas form. It was uncovered by
applying an improved mass spectrometer (built in 1986) along with other tools such as laser ionisation and a
microcomputer.(154) This breakthrough method has become essential to analyse complex proteins.

during the scientific
process before discovery

continued



Table 2.1 continued

Discoveries
(and the tool ormethod used to uncover them)

Moment of serendipity
arising:

Chemistry

Conductive polymers (plastic that conducts electricity)
Hideki Shirakawa mentioned to Alan MacDiarmid how he added ‘by mistake a thousand-fold too much catalyst’ to discover
an organic polymer that gleamed like silver in 1977. And he also used an upgraded bolometer (created in 1961) together with
other tools including x-ray crystallography and an electron microscope.(155) This discovery has revolutionised electronics
and solar cells.
Water channels (transport water in our cells)
Peter Agre, ‘while working on a completely different problem, stumbled across a protein in red blood cells’ in 1992. It turned
out to be the water channel: the discovery of how water moves across cells—critical to everything from kidney function to
brain health. And he made the breakthrough using immunoblotting (invented in 1979) along with electrophoresis, a
controlled study and video microscopy.(156)

at discovery

Medicine

Cause of gastritis and peptic ulcers
Robin Warren was not searching for bacteria and his colleague Barry Marshall—when cultivating the bacteria in
1982—accidentally left the agar plates too long in incubation, but by using fibre endoscopy (developed in 1979) and an
electron microscope, they could identify the bacteria they unexpectedly observed.(29)

CDC genes and cell division
Leland Hartwell, ‘through a very amusing bit of serendipity’ with his student, happened to come across photo-microscopy
methods. These were the missing link in studying the cell cycle and enabled discovering the genetic control of cell division in
1971—by applying time-lapse photo-microscopy and a Coulter particle counter (created in 1960) along with a centrifuge and
statistics.(157) The discovery advanced our understanding of cancer.

during the scientific
process before discovery

Immune response
Baruj Benacerraf surprisingly found that different guinea pigs had different responses to the same antigen. The discovery
revealed the cause of different immune responses in genes in 1966—by using starch block electrophoresis (designed in 1955)
together with a scintillation counter and controlled study design.(158)

Hepatitis B (infectious virus affecting the liver)
Baruch Blumberg ‘unexpectedly discovered an infectious agent for hepatitis B while researching blood proteins’ in 1965. The
observation was uncovered applying agar gel diffusion (developed in 1949) and immunoelectrophoresis, a controlled study
and statistics.(159) Discovering the hepatitis B virus and the development of the vaccine has saved countless lives.

at discovery

The data are based on nobel-prize discoveries—with four examples highlighted in each of the three fields.
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(a)

(c) (d)

(b)

Picture 2.1 The first telescope constructed in 1608 that
Galileo used to serendipitously discover the moons of Jupiter in
1610 (a, b). A new echelle spectrograph developed in 1993 that
Mayor and Queloz applied to serendipitously discover the first
exoplanet in 1995 (c, d).
(a, b) Reproduced from NASA; NASA/Kevin Gill. (c, d) Reproduced
from José Rodrigues; ESO/M. Kornmesser/Nick Risinger.

When we study science’s major discoveries since 1575, we see that the year
we developed methods and tools is closely correlated with the year we made the
discoveries—for both serendipitous discoveries and for other discoveries. We
uncover an extraordinary trend: the time window between the new method and
new discovery is nearly identical for both groups of discoveries. The discoveries
with a serendipitous moment emerge basically within the same average time
as other discoveries (Figure 2.3 and 2.5). This is an important finding because
serendipitous discoveries follow the almost identical tool-driven timeline as other
discoveries—regardless if we label them serendipitous or not. The strikingly similar
distribution between the two groups of discoveries provides strong evidence: new
tools—not just serendipity—are the driving force behind science’s discoveries that make
the unexpected possible. Because we must invent and apply new methods to bring
about major discoveries—whether unexpected or not—means that breakthroughs
have a clear method-driven structure. This includes the small share of theoretical
discoveries often driven by new mathematical methods.

A prominent study published in Science, Quantifying the evolution of individual
scientific impact, found that ‘the highest-impact work in a scientist’s career is ran-
domly distributed within her body of work’—what the authors call a random-impact
rule.(12,35,37) The influential finding is based on analysing citations over scientists’
careers including nobel-prize-winning careers. Here we study directly how science’s
biggest discoverers actually make groundbreaking research. This leads us to a very
different finding: major high-impact research does not emerge randomly at any point
in a scientist’s career, it specifically arises when they apply a new method or tool that
enables a new way to see the world—what we can call a new methods-impact rule
(Figure 2.3).
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Experiencing a surprise moment does not diminish the importance of new tools—
it increases it, because tools generally enable the surprise. Despite the unexpected
moment, we still need to learn and implementmethods to spark those breakthroughs.
So do we find the strong role of serendipity as many claim?(30,35,36) When we
look at the data, we instead find a soft role of serendipity that is powered by hard
tools: there are no major discoveries achieved without applying new methods or
tools (Figure 2.3); there are no laypeople, without methodological training, making
nobel-prize discoveries (Figure 4.1b); and only 1% of nobel-prize discoverers are not
working at a university at the time of their discovery (Figure 4.3). Winning a Nobel
prize is not like winning the lottery—it has predictable features. It is something we
can understand by systematically studying how we generate cutting-edge research.
Discoveries soon follow after new tools and if they did not, they would be distributed
more randomly—as a hypothetical distribution illustrates (Figure 2.4).

The odds of uncovering serendipitous breakthroughs are zero before
we develop the tools of discovery

There is another side to the coin: researchers have focused on exciting serendipi-
tous moments in discoveries, but unexpected scientific tools used to spur them have
not been studied. Here we explore all 149 nobel-prize-winning method discoveries—
all major methods and instruments awarded the prize. Interestingly, these major
new tools are less likely to involve a serendipitous moment—about one in eight—
compared to scientific discoveries they enable—about one in six. By examining these
major tools, we find they almost always emerge from specific method constraints.
Our tools are developed deliberately. This is an important distinction: one between
intentional tool development and the serendipitous observations they enable.

Only few nobel-prize-winning tools emerged somewhat unexpectedly—such as
the x-ray method(118)—or were invented without a specific application in mind like
the maser (built just to amplify beams of microwaves).(141) The first microscope
and telescope were also invented with no scientific purpose.(46,140) Yet others then
harnessed these surprisingly effective tools. Such a tool can power a kind of meta-
serendipity: it opens up the possibility of multiple discoveries that no one could have
predicted before the tool became available. Serendipity generally comes after the tool
is developed and applied.

What is key here is that some powerful tools are not originally designed for the
specific breakthroughs they later enabled—they were never meant for that purpose.
And yet, the tools still caused the new discoveries they were not originally intended
for—andwould not have been possible without them. Again, this disconnect between
a tool’s original purpose and its later impact provides a kind of quasi-experimental
insight: because the tools’ creators had no idea what breakthroughs they would even-
tually unlock, we can directly attribute the breakthroughs to the tools as the causal
spark. It also helps reduce alternative explanations as the key trigger, like serendipity
(Chapter 1). Yet some researchers think serendipity ‘is one of the important factors
in scientific discovery’.(30,35) But what is clear is there is no chance of serendipitous
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Figure 2.3 New methods and tools drive science’s major discoveries
(actual distribution)
The data reflect science’s 734major discoveries since 1575, including all nobel-
prize discoveries (Figure 2.3). Figure 2.3 extends the analysis in Figure 1.2 by
capturing discoveries with a serendipitous moment. The year of the method
or tool’s invention is closely correlated with the year of the serendipitous
discoveries—explaining 90% of the variation, and for other discoveries, 92%
of the variation.
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(actual distribution)
The data reflect all 346 major discoveries since 1950. When we analyse nobel-prize and major
non-nobel discoveries separately, no systematic differences arise between the two groups.

discoveries before we generate the enabling tools—and once we create them, the like-
lihood of surprising findings rises exponentially (see Figure 1.8). This shows that
chance plays more of a background role, while new discovery tools commonly spark
chance moments.

Science also reveals fascinating cases of multiple discoveries where the same phe-
nomenon is uncovered by scientists working independently of each other.(161) But we
find that they often actually leverage the same transformative tool to uncover them.
A classic example is discovering oxygen independently by both Scheele in Sweden
and Priestley in England, using the same method: a pneumatic trough with mercuric
oxide.(162) Numerous examples of nobel-prize breakthroughs exist—showing that
they do not just arise by a chance observation, but by powerful methods. Take giant
magnetoresistance discovered independently in 1988 by Fert in France andGrünberg
in Germany—both implementing the same technique invented in 1968: molecular-
beam epitaxy. The breakthrough makes it possible to read data on computer hard
disks.(163) Take the structure of antibodies uncovered in 1959 by Edelman in the US
and Porter in England—both applying methods like improved chromatography cre-
ated in 1956. This breakthrough has enabled understanding how antibodies in our
blood defend us against deadly infections—and helped found immunology.(164) The
chemistry of compounds called organometallic sandwich compoundswas revealed in
1952 by Wilkinson in the US and Fischer in Germany. Both used methods like x-ray
crystallography created in 1913. This revolutionised our understanding of chemical
bonding and spurred new fields in chemistry.(165)
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Even the theory of the Higgs particle was developed independently in 1964 by
Higgs in Scotland and Englert and Brout in Belgium. Both used mathematical gauge
theory formulated in 1954, while also building on recent empirical breakthroughs
in particle physics—and motivated by key insights into how particles interact. This
field discovered many fundamental particles over the previous decades using par-
ticle detectors and accelerators (Chapter 1). The existence of the particle was then
confirmed using the world’s most powerful particle accelerator, the large hadron
collider.(117)

The scientific toolbox view of discovery

When most think of major scientific advances, the moment of discovery comes to
mind—the final output. Other aspects of the discovery process simply do not catch
the eye like a flash of insight and final discovery. Behind breakthroughs, there is a
process not only of developing methods but also of designing experiments, collect-
ing and analysing data, and replicating results—all powered by the tools we create.
These features are just not as appealing, but we can trace them in the discovery pro-
cess. Theymake evidence—anddiscoveries—measurable, reliable and replicable.Our
scientific toolbox is the bridge that connects us to the world and how we measure,
experiment and generally experience those moments of surprise. By leveraging the
tools of a scientific community, we—and science as a whole—transcend individual
intuitions and chancemoments.What is fascinating is that, independent of serendipity,
other researchers often apply the same tools to arrive at the same findings or discovery.
This deflates what seems like an individual’s (or lone genius’s) unique serendipitous
moment to a common tool of discovery used bymultiple researchers (see the conceptual
framework in Figure 2.6).

Serendipitous view of the discovery process driven by a flash of insight

Scientific toolbox view of the discovery process driven by systematically using new tools

serendipitous moments, if 
they arise, are often sparked

by methods and tools

used to perceive, 
measure and 

study the world

Figure 2.6

The French microbiologist Louis Pasteur said, ‘chance favours only prepared
minds’.(29,166) And Nobel laureate Albert Szent-Gyorgyi expanded on the idea, ‘A dis-
covery is said to be an accident meeting a prepared mind’. The idea is that without
training, a serendipitous discovery can go unrecognised.(20) But when we examine
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science’s major discoveries, what becomes clear is that: chance favours those apply-
ing new methods and tools. The scientific toolbox view explains how we discover by
using new tools that open a new lens to the world and it integrates the possibility
of chance surprising us by using these tools. Think of breakthroughs described as
serendipitous—like discovering cells and bacteria after inventing the microscope, or
uncovering Saturn’s rings and Uranus after creating the telescope. With these remark-
able new tools, other researchers could have made the surprising new observations
(whetherwe call themunexpected discoveries or not). If we do not knowwhat factor to
look at, then the surprise seems random—but once we begin turning our attention to the
tools that commonly spark surprise,much of the randomness of discovery fades. Inmany
ways, those were basically inevitable discoveries oncewe came upwith the needed tool
and put them in the hands of researchers. This insight is important: it moves the spot-
light from individualmoments of serendipity and places it on the innovative tools that
drive surprising findings.

Conclusion

Most people think serendipity is the most puzzling and the least predictable aspect
of science and discovery. After all, it is about coming across something we did not
expect. Discovery generally means uncovering a surprising finding, but surprise gen-
erally means we cannot anticipate it. So if serendipitous discoveries arise by chance,
how could they possibly be predictable or replicable?What we have uncovered here is
that surprising new findings commonly follow a hidden pattern. In fact, serendipitous
discoveries across science and history—from revealing viruses to the first exoplanet—
are sparked not by chance, but generally by applying a new tool to a problem: from
recently created electron microscopes to spectrographs. So, they are best described
not as serendipitous, but as methods-powered discoveries. They are hidden in plain
sight—until we use the right tool to reveal the unexpected. Other researchers who
would have gotten their hands on these new tools could have surprisingly observed
them—and discover what we were not even looking for. Chance and serendipity
alone cannot make any discovery possible, highly likely or replicable, but powerful
new tools we develop to reveal the hidden world can. In fact, serendipitous discov-
eries are generally even made with limited or no theoretical understanding of what is
revealed.

The key overlooked insight we uncovered is powerful: because new tools commonly
unlock surprise, we can actually design and engineer discovery much more than
researchers have thought. By developing sharper instruments, new experimental tech-
niques, smarter AI algorithms, we actively create the conditions for serendipity—and
multiply the odds of surprise with ever more powerful tools. New tools are the levers
that uncover the unknown—whether we are surprised by what we find or not.

Take the breakthrough gene-editing method, CRISPR. The method was not the
original focus but emerged serendipitously, using improved methods such as dif-
ferential RNA sequencing. The method itself then opened up entirely new research
areas that were not expected by the method’s creators: from finding cures for genetic
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diseases to developing new crops. This extraordinary method did not just enable a
single breakthrough, it creates the foundation for a series of breakthroughs.

When we shift our attention from serendipitous moments in the discovery process
to the new tools that enable them, we realise that it is new tools that ensure discov-
eries are replicable. Different researchers using the same tool can arrive at the same
findings. At first glance, serendipity seems to offer the weakest evidence of a logic
of discovery, but it actually provides the strongest evidence we have. The fact that
discoveries can be replicated using the same tools shows that science is far less ran-
dom than we think. It often does not make much difference if one labels discoveries
serendipitous or not: we do not role dice to generate discoveries but we pick up and
apply new tools that make our major breakthroughs possible. What has been more
random is who gets their hands on the tool first. So with powerful tools, we move
from a random, unpredictable approach to discovery to one where breakthroughs are
structured, engineered and repeatable.

Let us picture the landscape of scientific discovery, where about 750 major discov-
eries make up the foundation of science, about nine million scientists are actively
doing research worldwide(167) and roughly ‘80 to 90 per cent of all scientists that
have ever been, are alive now’.(168) The odds of uncovering a major discovery in
one’s lifetime are thus very low. This reflects a lower-bound estimate of about a 1-in-
11000 chance. But there is an unnecessary role of chance that still plays out in many
discoveries—and in the speed at which they emerge. It is the chance of someone com-
ing across the right tool, or improving one, without yet a theoretical understanding
of how new tools trigger new breakthroughs.

While chance may arise in discovery, giving the impression it is unexpected and
unplanned, it takes a new tool to realise that chance moment—and spark any major
discovery. In fact, we can accelerate—and anticipate—unexpected moments by mak-
ing new tool innovations and applying them in new terrain. In short, fewer things
are left to serendipity and chance if we create new tools in a targeted way: more
new tools systematically fostermore new tool-powered discoveries—whetherwe label
them surprising or not. Here we reframe discovery as an active, design-driven process,
offering a productive alternative to common misunderstandings of passive serendipity.
Serendipity is especially surprising if not aware of this tool-driven principle of discovery.
We can more accurately label most cases of serendipity as methods-driven—or even
methodipity, a fortunate and unexpected new discovery sparked by a new method.

Just as science uncovers patterns and stability in the world, we uncover patterns
and stability in the discovery process itself. Unlike common belief, there is a nature
and logic of discovery and it is driven by our new tools.With this newmethods-driven
discovery rule, we can demystify much of the discovery process. In 1873, the Polish
BoleslawPrus predicted that ‘Someday a science ofmaking discoveries and inventions
will exist’.(169) But systematic data were lacking at the time. Over 150 years later, we
now have systematic data on science’s major discoveries and how they are triggered
with a new method or instrument (Figure 2.3). So we can lay out here a science of
discovery: one that explains how developing new methods and tools is a necessary
condition for major discoveries, and commonly the key trigger. The more we inno-
vate, the faster discoveries will come—and the more we can predict and guide future
breakthroughs.
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It is timewe replace the classic image of the romanticised discoverer—someonewho
has a sudden eureka-like insight of luck—with a new image: the tool-driven discov-
erer, whobuilds onpowerfulmethods and existing research to unlock the unexpected.
We need a fundamental rethinking about scientific breakthroughs. While discover-
ies receive the most attention in science—by journals, university departments, hiring
committees, awards and funding bodies—the tools that spark those discoveries are
not celebrated in the same way. In fact, research into developing new tools remains
heavily underdeveloped, andwewill dig deeper into how this limits scientific progress
in Chapter 6.

The fact that we break new ground with recently invented tools significantly
decreases the role of chance in discovery. Themorewe rely on new tools, the less room
there is for chance. By strategically developing new tools—and testing them in unex-
plored areas—we reduce randomness and serendipity in both expected and unexpected
discoveries. The future of science is in our hands—quite literally, through the tools we
create. Expanding our toolbox allows us to better predict and speed up the pace of new
breakthroughs following a new tool advance. In fact, shifting greater focus of research,
labs and institutions towards devising new tools is commonly the most efficient path
to discovery we have. Researchers with an open eye (for unexpected techniques) and
with an exploratory mind (for pursuing and applying them) are commonly the ones
who spark our future discoveries. If we want to make the next breakthrough, the best
strategy we generally have is straightforward: develop and apply a new tool—or adopt
one from another field—that gives us an entirely new perspective to a problem.

To wrap up, we return to two prominent researchers and the stories they tell about
scientific progress. We test here two of the most influential explanations of science to
date: Karl Popper’s explanation that discovery has no logical structure but is shaped
by chance observations and intuitions (Chapter 2) and Thomas Kuhn’s explana-
tion that science does not progress cumulatively (Chapter 3). These different views
sparked intense debate and intellectual rivalry. But by systematically examining how
discoveries emerge, we uncover a very different picture of science: discovery does
in fact follow a predictable logic, and scientific progress is cumulative—with both
driven by our powerful and expanding toolbox. In the next chapter, we turn to how
our discoveries—expected and unexpected—fit into the overall picture of scientific
progress.



3
Revolutionary paradigm shifts or cumulative

progress
Rethinking scientific progress and the scientific method

Summary

Understanding how powerful tool innovations unlock breakthroughs leads us to
fundamental questions about how science evolves: do we abandon some major
discoveries—including breakthrough tools? Is science best seen as a series of sud-
den paradigm shifts—or rather as deeply cumulative? In the landmark book The
structure of scientific revolutions, ThomasKuhn developed themost influential and
cited explanation of science yet proposed. For Kuhn, science does not progress
cumulatively but is driven by abrupt paradigm shifts: radical upheavals—like the
Copernican revolution—that overturn what we believe and can redefine entire
fields. Since then, this core question about scientific progress is widely debated,
but no consensus and comprehensive analysis yet exist. By studying this question
systematically, we uncover a remarkable pattern: three key measures of scien-
tific progress—science’s major discoveries, methods and fields—each illustrate the
deeply cumulative evolution of science rather than sudden ruptures. First, no
major scientific methods or tools we use across fields have been entirely abandoned
or subject to paradigm shifts—from statistics andmicroscopes to centrifuges.Next,
no major scientific fields have been entirely replaced—from genetics and com-
puter science to chemistry. Instead, we refine and extend them over time, often
over centuries, and they represent vast bodies of cumulative knowledge. Finally,
scientific discoveries are also highly cumulative: only 1% of over 750 major dis-
coveries have ultimately been abandoned. Our methods and tools provide the
strongest and most striking evidence of science’s deep continuity. So we offer a
new answer to this foundational question in science and the philosophy and his-
tory of science by drawing onmethods from statistics and empirical sciences. This
brings us to questions about the classic scientific method of testing hypotheses
by observing and experimenting—a principle that has remained unchanged for
centuries. Is it compatible with the cumulative nature of science? Do science’s
major discoveries follow it? Or do we need a new understanding of scientific
methodology?

The Engine of Scientific Discovery. Alexander Krauss, Oxford University Press. © Oxford University Press (2026).
DOI: 10.1093/oso/9780197829790.003.0004
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Overview

Does science mainly go through revolutionary paradigm shifts that fundamentally
challenge and overturn what we believe? Or is science mainly a deeply cumulative
system, where our currentmethods and discoveries connect back to our pastmethods
and discoveries and extend forward to enable future methods and discoveries? The
question is important because it shapes how we approach scientific research and sci-
ence education and policy. Should we focus on conducting bold, disruptive science
or on refining existing science? Two dominant ways have shaped how researchers
study the evolution and progress of science. One way is taken by the highly influen-
tial historian of science Thomas Kuhn who offered the most well-known explanation
of science to date. Using select case studies, he explored how individual theories may
go through extraordinary paradigm shifts: fundamental changes in the theories of
a field.(15,16,73) Many still find this classic view of how science unfolds compelling—
andmany still research his view of non-cumulative science.(16,170–177) Kuhn’s seminal
book still dominates debates on scientific progress, accruing thousands of citations
each year (Google Scholar).

The other way to study scientific progress is taken by scientists using big data to
analyse patterns in publications. These scientists argue that scientific articles—on
the whole—may be becoming less revolutionary over time.(39) They highlight that
bold, high-risk innovation is becoming rare as researchers focus more on established
knowledge.(45) These scientists suggest that smaller teams are more likely to gener-
ate disruptive ideas than larger teams.(10) They also stress that the sheer volume of
publications in today’s scientific system can lead us to overlook new transformative
ideas.(23) Researchers adopting big data trace science through article citations—the
most widely used measure of the impact of discoveries.(3,4,14) But this approach does
not uncover other important factors to understanding scientific progress.(38,40) Cita-
tions are driven in part by path dependency—researchers with limited time often just
cite more cited research—that can impede the spread of new groundbreaking ideas.
Focusing on already well-known established research (impact) can hinder cutting-
edge breakthroughs (novelty).(178) Citations do not capture the large impact of most
major discoveries throughout history, simply because we only began to track cita-
tions widely in the second half of the 20th century.(179) Citations also do not capture
scientific fields or our powerful tools well.

Most studies—using citations or not—explore a sample of major breakthroughs
or publications. Some do suggest that science has cumulative aspects by relying on
case studies.(17,180–183) But no comprehensive analysis yet exists that answers the
foundational question: is science—namely science’s major discoveries, methods and
fields—fundamentally cumulative or revolutionary? Here we aim to help tackle this
long-standing debate.

Here we move beyond commonly studying just a sample of discoveries or theories
often within a field (as Kuhn did mainly in physics)(15,41,43,44) or using a sample of
article citations.(10,12,22,23,39) Instead, we systematically analyse the nature of scientific
progress through science’s major discoveries across fields. In probing the evolution
of science, we uniquely shift the focus here to also study an overlooked aspect: our
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scientific methods and tools. This enables us to draw completely new insights about
the cumulative nature of science’s major discoveries and methods across fields.(15,16)
Introducing this novelmethod perspective, we find an extraordinary continuity in the
methods that we refine over time and enable generating new theories, breakthroughs
and fields. A shift from analysing at the individual to the aggregate level helped
transform our understanding in numerous fields. It is how Boltzmann and Maxwell
developed statistical mechanics, and how Austin Bradford Hill’s randomised con-
trolled trials paved the way for cumulative meta-analyses that reshaped biomedical,
agricultural and behavioural sciences.

We will explore specific fields. In genetics for example, a set of major advances was
only possible using our cumulative methods including microscopes, x-ray methods
and electrophoresis we continually upgrade. These sparked a series of transfor-
mative discoveries, including heredity, DNA sequencing and mapping the human
genome, that keep expanding genetics, improving our health and reducing diseases
we face.(113,184) In computer science, a set of major advances was only achieved using
our cumulative methods including mathematical and statistical methods and tran-
sistors we constantly improve. These led to a series of discoveries, including the
Turing machine, information theory (often called the Magna Carta of the digital
age) and microchips, that constantly extend computer science and enable the com-
puters, smartphones, internet and artificial intelligence that we use and define our
modern society.(102) In the field of electricity, a set of major advances was only fea-
sible using our cumulative methods including galvanometers, batteries and electric
generators we continually enhance. These triggered a series of discoveries, including
electromagnetism, the theory of electromagnetic radiation and alternating current,
that collectively enable the world of electric motors and power plants we rely on
daily. The story of genes, computers and electricity is a remarkable story of cumula-
tive evolution—a story of how we stand on the shoulders and methods of giants. And
they are representative of major fields across science. So even if new breakthroughs
can at times challenge and disrupt research, science is still overall cumulative.

Box 3.1 Thomas Kuhn’s explanation of science—driven by
revolutionary paradigm shifts

Kuhn published the most widely read and best-selling book on scientific progress
to date, The structure of scientific revolutions, in 1962.(15) Written while at the
University of California, Berkeley, this pioneering book shaped popular under-
standing of the history of science. The history of science can be seen as a cycle in
which established ideas and facts are doubted, new problems and evidence then
lead to new revolutionary ideas and facts (and replace the established ones), which
eventually over time are also doubted once problems and anomalies with them
become apparent, and the cycle begins again. For Kuhn, the process of science
reflects revolutionary paradigm shifts, in which we reject current assumptions
and theories and adopt entirely new ones. He argues that a paradigm shift ‘is far
from a cumulative process … Rather it is a reconstruction of the field from new
fundamentals’ and ‘cumulative acquisition of novelty is not only rare in fact but
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improbable in principle’.(15) ‘Scientific revolutions are thus disruptive episodes of
fundamental reconfigurations, through which scientific knowledge develops in a
noncumulativeway’.(16) Revolutionary science is not cumulative for Kuhn because
scientific revolutions (major breakthroughs) replace our current views and the-
ories entirely—and here we focus on this central hypothesis (not on everyday
normal science).(15)

A cumulative (or disruptive) advance in science can lead to a cumulative (or
disruptive) advance in technology; and the same applies from technology to
science.(185) Kuhn’s central and bold thesis is: not just some but ‘All significant
breakthroughs are break-“withs” old ways of thinking’.But there is a paradox here—
changes in theories are the result of a new breakthrough and not what brings
about the new breakthrough. Changes in theories cannot explain how science’s
breakthroughs arise in the first place. This is the key gap and what we want to
understand.

With a degree in physics and a PhD in history of science, this laid the back-
ground for Kuhn’s hypothesis of paradigm shifts. He studied select theories
especially in physics up to the early 20th century. Yet he still made sweeping claims
about all of science.(15) By focusing on the iconic examples of radical changes in
theories of physical reality fromAristotle to Newton to Einstein that span over two
millennia, these cases may seem to partly support his hypothesis. For Kuhn, the
stark shift from the Ptolemaic earth-centred theory of the universe to the Coperni-
can sun-centred theory characterises the classic paradigmchange—andhe focused
much research on it.(15,73) Yet by examining the paradigm shift hypothesis with
over 750 major discoveries, we uncover that the dramatic shift from Ptolemy’s
model (developed in the year 150) to Copernicus’ model (developed in 1543)
presents one of the few exceptional cases when we abandoned a central model—
though it was in early science.(186) And it was cutting-edge newmethods and tools
that supported and confirmed Copernicus’ model.

Measuring revolutionary and cumulative scientific progress

Examining science’s major discoveries and methods across fields offers us a
unique opportunity to probe the fundamental nature of scientific progress. This
approach captures science’s major theoretical, experimental and methodological
breakthroughs—rather than just focusing on select theoretical breakthroughs.(15)
While there is no clear cut-off for what counts as a small discovery, there is strong
consensuswithin the scientific community on science’smajor discoveries (Chapter 1).
To assess scientific progress, we classify discoveries, methods and tools across fields
into three categories: those that have been updated (extended) with new evidence,
those that have not been updated, and those that have been entirely replaced (aban-
doned or subject to a paradigm shift for being incorrect). Discoveries, methods and
tools across fields are defined as contributing to cumulative scientific progress if they
have not been abandoned. The classification is based on descriptions within the six
mentioned encyclopaedias of science,Nobel prize documents or the sevenmentioned
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science textbooks. The description for about four-fifths of major breakthroughs is
drawn from two sources—Nobel prize documents (such as prize summaries and press
releases)(95) and Encyclopaedia Britannica(103) where entries are written by scientific
experts as established knowledge (and so are not self-reported by discoverers).

One measure of scientific progress: scientific methods
and their cumulative nature

We begin by first testing the fundamental hypothesis of paradigm shifts in science
by examining scientific methods and tools—a yet unexplored perspective. If science
were truly defined by abrupt revolutions, we would expect to see major tools dis-
carded over time. But what does the evidence show? Take the ten central methods
and tools most used to make all 533 nobel-prize discoveries: statistical/mathematical
methods, spectrometers, (electron) microscopes, x-ray methods, chromatography,
centrifuges, electrophoresis, lasers, particle accelerators and particle detectors. These
powerful instruments are the backbone of science that have shaped entire fields.
And remarkably, each has been continuously refined, upgraded and expanded to
increase power, accuracy, precision and efficiency, at times over centuries. None have
been abandoned. Instead, we apply them widely across disciplines, enabling us to
spark dozens of new discoveries (Figure 1.7). Among all 149 nobel-prize-winning
methoddiscoveries—themajormethods and tools awarded the prize—wefind a strik-
ing trend: 99% have been updated, 1% have not been updated and none have been
abandoned. These extraordinary tools like the PCR method, electron microscope,
radiocarbon dating method and electrophoresis have been fine-tuned over time.(95)
In fact, we find nomajormethods or tools we employ across fields—from calculus and
controlled experimental methods to telescopes and thermometers—that have been
entirely discarded. Our most prominent scientific methods and tools do not undergo
abrupt breaks but are deeply cumulative (Figure 3.1c).

Microscopes—our classic example of a powerful discovery tool—have evolved
cumulatively over centuries. From the earliest microscopes relying on light and
lenses to electron and scanning probe microscopes, we keep extending the field of
microscopy and so our ability to observe themicroscopicworld (Picture 3.1).Our best
light microscopes today do not compete as an entirely different paradigm to the first
light microscope, with the same function of visualising miniscule objects. Our meth-
ods of arithmetic today do not represent a break from those the Sumerians developed,
but build on it. Major methods and instruments used across fields do not go through
competing method paradigms. We instead expand our best tools over time into even
more powerful tools of discovery, forming the foundation of science and our ability
to do science. In fact, our best tools are the very building blocks making up a contin-
ually stronger and more refined foundation of science. (So a possible paradigm shift
that would abandon them would so fundamentally change how we conceive science
that we could likely no longer call what we do science.)

Think of statistical methods for example. Over hundreds of years, they have been
developed and expanded by pioneers like the German Carl Gauss, French Pierre-
Simon Laplace, British Karl Pearson and Ronald Fisher and many others. Statistical
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Picture 3.1 First microscope developed in 1590 (by Zacharias Janssen), compound microscope with apochromatic lenses in 1873 (Ernst Abbe), electron microscope
in 1933 (Ernst Ruska) and super-resolution microscope in 1994 (Stefan Hell). Reproduced (left to right) from US Department of Health and Human Services via
Wikimedia Commons; Timo Mappes via Wikimedia Commons; J Brew via Wikimedia Commons; Zeiss Microscopy via Wikimedia Commons.
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methods share a common purpose: to extract meaningful patterns from data and
make inferences. Today, our cumulative statistical methods test hypotheses, anal-
yse vast data and make systematic predictions in fields from physics and biology
to economics. Statistics has arguably received most attention in ongoing debates on
improving how results are reported and published.(187–189) The replication crisis,
the push for open science and developments in Bayesian statistics all contribute to
upgrading statistical methods. Far from replacing the foundations of statistics, these
reforms only strengthen them.

Some tools, like mercury thermometers and barometers, are expanded into new
tools, like electronic thermometers and barometers, offering greater accuracy and
safety. Although cathode ray tubes have largely been physically phased out of physics
and electronics labs, their core function—visualising electrical signals—remains
unchanged today. Cathode ray tubes were gradually outdated with more advanced
digital oscilloscopes, fulfilling the same purpose but with greater precision and
efficiency.

Looking at the bigger picture, a key trend emerges here: many methods and tools
are each applied in sparking five or more discoveries, often across different fields,
underscoring the cumulative tool-driven nature of science (Figure 1.7). In short, with
our best tools deeply intertwined across fields, they are the scaffolding of scientific
progress (Appendix Figure 1.8).

A second measure of scientific progress: scientific discoveries
and their cumulative nature

We next test the fundamental hypothesis of paradigm shifts in science by probing
scientific discoveries. Analysing science’s over 750 major discoveries, we find a pat-
tern: about 83% have been extended using new methods and evidence, about 16%
have not been extended, while only in a few exceptional cases—1%—has a discovery
been abandoned. What were once the leading discoveries of the time have generally
been built on and updatedwith newmethods andmore accurate evidence,making up
over four in five discoveries. The discovery of DNA sequencing in 1977 by the Amer-
ican Walter Gilbert and British Frederick Sanger was for example vastly extended
with improved electrophoresis and sequencing machines.(184) The discovery of the
nature of isotopes in 1913 by the British Frederick Soddy was updated once the neu-
tron was discovered, made possible by new particle detectors.(102) The discovery of
hormonal treatment for prostatic cancer in 1940 by the Canadian Charles Huggins
was expanded with newmethods that paved the way for more sophisticated hormone
therapies and improved patient outcomes.(95) Far from abrupt paradigm shifts that
render past knowledge obsolete, the vast majority of nobel-prize-winning discoveries
has been built upon with new and more cutting-edge methods and later discoveries.

So about one in six discoveries has stood the test of time and has not (yet) been
extended but remains largely unchanged. The nobel-prize-winning discoveries of the
first exoplanet, the detection of the neutrino and the isolation of fluorine are exam-
ples. Often, these are one-off breakthroughs that establish the existence of a new
phenomenon. The electron and the double-helix structure of DNA are other such
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foundational discoveries in the sense that other breakthroughs build on them but do
not directly revise them.

Ultimately, only 1% of discoveries have been entirely replaced by newmethods and
evidence, reflecting only eight superseded discoveries among science’s over 750major
discoveries. Surprisingly, three of themwere awarded aNobel prize, but their findings
were later abandoned. One case is the initial findings of the Danish Johannes Fibiger
in 1913 that ingesting a roundworm caused cancer in rats.While his workwas initially
celebrated, later methods and research revealed that the real cause was actually a lack
of vitamin A. The worm larvae only led to tissue damage where cancer could then
develop.(190) Another case is the development of leucotomy by the Portuguese Egas
Moniz as a treatment for mental illnesses in 1935. Yet this surgical technique, involv-
ing cutting into the brain’s prefrontal lobe, also could causemajor personality changes
as an unpredictable ‘side effect’. So it was abandoned as new methods and medica-
tions for treating mental illness emerged in the 1950s. Today, it stands as a cautionary
tale of early surgical interventions in mental health.(191) The third case comes from
economics: the economic theory of portfolio management by the American Harry
Markowitz in 1952. Yet he later ‘warns the reader that the 1952 piece should be consid-
ered only a historical document—not a reflection of my current views about portfolio
theory’, since he later discarded his initial theory because of methodological errors
and changes in his views about mean and variance.(192)

Even in these eight exceptional cases, the discoveries, theories andmethods applied
served as reference points—stepping stones enabling us to build on and supersede
them (Table 3.1). So in these few cases, scientific progress can still be conceived
as cumulative, since mismeasurements and mistakes also contribute to the overall
picture by triggering correction. Science is self-correcting. Revolutionary leaps that
represent a complete rupture fromwhatwe currently knoware rare in science—unless
we search for exceptional differences overmillennia as in themost famous example of
a paradigm shift from Ptolemy to Copernicus.(15,186) The last step or discovery often
seems to be the most impressive or revolutionary. But it is only possible by building
on methods and resulting discoveries that come before.

Comparison across fields reveals insight into the evolutionary nature of science.
Astronomy stands out again with the highest share of nobel-prize discoveries that
have not been updated, making up about four out of ten discoveries in the field (as
we see in Figure 3.1b). Pulsars (neutron stars) and the accelerating expansion of the
universe for example, once discovered, have not been updated given the very nature
of these discoveries. Yet we have expanded nearly all discoveries in economics and
social sciences. Why? For these fields deal with highly complex and fast evolving
systems. The key here is that we update or replace discoveries commonly by using
a new method or tool that offers a new perspective and evidence. New tools pro-
vide the lens through which we can revisit and revise earlier findings. Overall, less
than 1% of nobel-prize discoveries have been abandoned and slightly more at 2% for
major non-nobel discoveries across history, highlighting comparable results across
the two groups. This provides us with evidence against the popular hypothesis that
revolutionary paradigm shifts dominate science.(15)

Let us take a closer look at the classic and most widely discussed paradigm shift:
the transition from the model of our universe from Ptolemy to Copernicus.(15) The
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other major discoveries over the same time period across these five fields in Figure b, we find that the aggregate shares of replaced discoveries are 0%, 0%, 2%, 2% and 4%.
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ancient Greek Claudius Ptolemy’s geocentric model proposed that the Earth was the
centre of our universe, with the sun revolving around it. The Prussian-PolishNicolaus
Copernicus’ heliocentric model proposed the opposite: that the sun is the centre of
our universe, around which the Earth orbits.(186) For over a millennium, Ptolemy’s
model reigned. Then Copernicus came and used observational data—collected with
tools like the quadrant and astrolabe—and mathematical calculations. These were
laid out in his book De revolutionibus orbium coelestium that later shook the foun-
dations of astronomy and was published just a few months before his death.(186)
Yet the shift from Ptolemy’s model to Copernicus’ model occurred gradually, once
evidence backed by new tools supported the heliocentric model. At the University
of Padua in Italy, Galileo refined and confirmed Copernicus’ model through new
discoveries. Galileo’s newly invented telescope played a crucial role: it enabled dis-
covering the phases of Venus and the moons of Jupiter and compellingly proved
that celestial bodies could orbit something other than Earth. The heliocentric theory
gained greater acceptance once we could test hypotheses rigorously using standards
of modern science including predictive accuracy and we invented new tools like the
telescope.(193) Once invented, we were no longer blind to incorrect models but could
disprove them.

The older an abandoned theory is, the less likely it was developed and confirmed
using rigorous scientific methods and tools that cumulatively build on each other
over time. What seems like a sudden, radical idea we generally make possible by
measuring and observing the world with ever more refined tools that enable new
perspectives and greater precision. What if science does not move forward mainly
through theory shifts, but through new tools that allow us to see what we could not see
before—and not just in theory-heavy fields but across scientific fields? Groundbreak-
ing discoveries—whether we call them paradigm shifts or not—are commonly driven
by new and better methods and tools that enable us to study and understand the world
in new ways. Our tools do not just endure changes in theory; they commonly cause
them—by providing a new lens to the world.

A third measure of scientific progress: scientific fields
and their cumulative nature

We now test the fundamental hypothesis of paradigm shifts in science by exploring
scientific fields, such as genetics, computer science and electricity. Take the develop-
ment of the field of electricity for example—one of the most transformative forces in
modern society. A critical first step was taken in 1752 when the American Benjamin
Franklin famously demonstrated that lightning is a form of electricity. He discov-
ered the nature of electricity using leyden jars (a device for storing static electricity)
invented a few years earlier in 1745. The breakthrough, explaining how electricity
flows from lightning through a metal kite, sparked new questions. It led to the Italian
Luigi Galvani developing an animal electricity theory in 1791 by also using leyden
jars—a theory of how electricity causes frogs’ muscles to contract. Building on this
theory and its limitations, the Italian Alessandro Volta created the first electric battery
in 1800—a steady source of electric current that marked a transformative advance.
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Table 3.1 Discoveries updated, not updated or replaced (examples of discoveries)

Cumulative science Non-cumulative science
Discovery updated Discovery not

updated
Discovery replaced

Fi
el
d
of

di
sc
ov

er
y

Physics Structure of atoms
based on quantum
theory, 1913
Electron microscope,
1933
Electroweak theory,
1964

Electron, 1897
Detection of
neutrino, 1953
First exoplanet, 1995

Ptolemaic geocentric
theory, 150*
Animal electricity
theory, 1791*
Steady-state theory of
universe, 1948*

Chemistry Method of
electrophoresis and
adsorption analysis,
1930
Sandwich
compounds, 1952
Computational
methods in quantum
chemistry, 1969

Isolation of fluorine,
1886
Conductive polymers,
1977
Fullerenes, 1985

…
…
…

Medicine Acquired
immunological
tolerance, 1949
Radioimmunoassays
(RIA) technique (for
peptide hormones),
1959
RNA interference,
1998

Double-helix
structure of DNA
molecule, 1953
Reversible protein
phosphorylation,
1956
Regulation of
neurotransmitter
release, 1990

Biogenetic law, 1866*
Spiroptera carcinoma
causes cancer in rats,
1913
Leucotomy as
treatment for mental
illnesses, 1935

Economics/
social
sciences

Econometrics, 1933
Economic models of
causes of poverty,
1954
Integrated assessment
model of climate
change, 1994

Importance of
exchange rate regime,
1963
Expectations-
augmented Phillips
curve, 1967
…

Hereditary genius
ability, 1869*
Theory of portfolio
management, 1952
…

Share of
science’s major
discoveries:

83% 16% 1%

Share of all
nobel-prize
discoveries:

85% 14% 1%

We provide three examples for each category and field based on nobel-prize discoveries—except for five
of the eight ‘replaced’ discoveries in the last column (*) as only three nobel-prize discoveries have been
abandoned. The last column reflects the traditional view of non-cumulative science, yet even these cases
contributed to correction and show some path dependency. Major discoveries in chemistry have not been
replaced. In economics, only two nobel-prize discoveries have not been updated.
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For it enabled us to better study electricity and produce electricity-powered technol-
ogy. Volta’s breakthrough powered new discoveries, with the Danish Hans Ørsted
applying the newly created battery to discover that an electric current generates a
magnetic field in 1820. Building on the work of Volta, Ørsted and Faraday, the French
André-Marie Ampèrewas then able to develop the lawof electromagnetism in 1827 by
using amagnetic conductor he invented in 1822. This mathematical theory explained
the relationship between electricity and magnetism. In the same year, the German
GeorgOhm introduced themathematical concept of electrical resistance, establishing
Ohm’s Law, by using a galvanometer.

The next giant leap came in 1831 when the British Michael Faraday created an
electric generator using electromagnetic induction. This was key in laying the founda-
tion for electrical power generation. Through Faraday’s work and usingmathematical
methods, the Scottish James Maxwell could then take the pivotal next step to unify
what was known about electricity and magnetism into a theory of electromagnetic
radiation in 1865. Maxwell’s highly influential theory revealed that electric and mag-
netic waves are on the same electromagnetic spectrum—governing everything from
radio waves and light to x-rays. These collective methods and knowledge fuelled the
Serbian Nikola Tesla’s development of alternating current (an induction motor) in
1883. This fascinating breakthrough brought electric power plants and electricity
to our cities on a mass scale.(99) Building on the accumulated tools and evidence,
the British Joseph Thomson ultimately unexpectedly discovered the electron in 1897
using a cathode ray tube he designed the previous year.(194)

These pioneering scientists had an expanding and powerful toolbox at their dis-
posal. A key insight emerges: each of these scientists since 1820 applied the newly
developed galvanometer, battery and/or electric generator to spark their discover-
ies. The fact that major discoveries could not be made without first generating these
innovative tools and resulting discoveries offers compelling evidence of the deeply
cumulative nature of scientific progress. Even themost revolutionary ideas arise from
a chain of incremental steps (Table 3.2).

Taking a broader step back, the German physicist Albert Einstein then built upon
thesemethods to be able to achieve a critical breakthrough in 1905: the special theory
of relativity and the famous equation E =mc2, reshaping the field of physics.(99) While
Einstein’s theory is often seen as a classic example of just a theoretical discovery, it was
deeply rooted in the existing methods and experimental findings of his time. We can
trace the methods he heavily relied on directly or indirectly: advanced mathemati-
cal methods—including Maxwell’s equations—and Michelson’s measurements of the
speed of light using the newly invented interferometer in 1881. Without these tools,
he could not have formulated his theory (a topic we return to in Chapter 6). Einstein’s
innovation lies in interpreting and logically restructuring the existing experimen-
tal results and methods. New tools, such as particle accelerators and atomic clocks,
enabled later experimental tests that confirmed and expanded his predictions with
extraordinary precision.(99)

Strikingly, genetics and computer science, like electricity, reveal how we develop
complex knowledge through deeply interlinked methods, tools and resulting dis-
coveries that build on each other and often span more than a century (Table 3.2).



Table 3.2 Cumulative nature of science across fields: Discoveries and the methods we use to develop them build on each other over time

Discoveries

of genetics
in the field

in the field

Heredity
(Mendel
1865)

Composition
of nucleic
acids (Kossel
1897)

Role of
genetics in
evolution
(Dobzhansky
1937)

Genes regulate
definite
chemical events
(Beadle and
Tatum 1941)

Mobile genetic
elements
(McClintock
1951)

DNA as
bearer of
genetic
information
(Hershey
1952)

Structure of
DNA molecule
(Franklin,
Crick and
Watson 1953)

DNA
sequencing
(Gilbert and
Sanger 1977)

Genes
causing
genetic
diseases
(Collins
1989)

RNA
interference
(Fire and
Mello 1998)

Human
genome
(Watson
and Venter
2003)

Method for
genome
editing—
CRISPR
(Charpentier
and Doudna
2012)

…

Central
method or
tool used to
make the
discovery

statistics,
probability
(1814)

hydrolysis
(1888)

statistics,
improved
(1919)

x-ray analysis,
improved
(1913)

microscope,
improved
(1940)

isotopic
labelling
(1923)

x-ray
crystallography
(1913)

electrophoresis,
PAGE (1964)

chromosome
jumping
technique
(1987)

micro-
injection,
improved
(1991)

genome
mapping,
improved
(2001)

RNA
sequencing,
improved
(2010)

…

Discoveries

of computer
in the field

science

Computing machine/
mechanical computer
(Babbage 1833)

Computer
programming
(Lovelace
1843)

Incompleteness
theorem
(Gödel
1931)

Turing
machine
(Turing 1936)

Transistor
(Shockley,
Bardeen and
Brattain
1947)

Information theory
(Shannon 1948)

Compiler for
developing
computer
codes
(Hopper
1951)

Integrated circuit/
microchip (Kilby
1959)

World wide
web
(Berners-
Lee
1989)

…

Central
method or
tool used to
make the
discovery

mathematics
(automated
logarithm tables)
1822

computing
machine
(Babbage
1833)

mathematics,
improved logic
(Hilbert 1928)

mathematics,
improved logic
(Hilbert 1928)

cathode-ray
oscilloscope
(1897)

statistics/probability
theory, improved
(1923)

computer,
Mark I (1944)

transistor (1947) computer
network
(internet)
(1983)

…

Discoveries

of electricity

Nature of
electricity
(Franklin
1752)

Animal
electricity
theory
(Galvani
1791)

Electric
battery
(Volta
1800)

Electro-
magnetism
(Oersted 1820)

Law of electro-
magnetism
(Ampere 1827)

Ohm’s Law
(Ohm 1827)

Electro-
magnetic
induction
(generator)
(Faraday 1831)

Self
inductance—
principle of
electricity
(Henry 1832)

Theory of
electromag-
netic
radiation
(Maxwell
1865)

Alternating
current
(induction
motor)
(Tesla
1883)

Evidence of
electromag-
netic
radiation
(Hertz
1887)

Electron
(Thomson
1897)

…

Central
method or
tool used to
make the
discovery

Leyden jar
(1745)

Leyden jar
(1745)

alternating
disks (zinc
and silver)
(1800)

electric battery
(1800)

magnetic
conductor
(Ampère 1822)

galvano-
meter
(Oersted
1820)

galvanometer
(Oersted 1820)

electromagnet,
improved
(1831)

mathematics,
electromag-
netic theory
oflight
(1846)

electric
generator/
dynamo
(Faraday
1831)

induction
coil (1836)

cathode ray
tube,
improved
(1896)

…

The data are based on 761 major discoveries. A number of other discoveries also played an important role in these fields.
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The history of electricity, genes and computers exemplifies how we apply intercon-
nected tools to trigger interconnected discoveries in fields across the sciences. In
fact, no major fields—from biology and nuclear physics to medicine and mechanical
engineering—have been entirely discarded. Our highly connected system of science
is the outcome of these deeply collective feedbacks.

In chemistry, assembling the periodic table of elements has been an enormous col-
laborative and cumulative effort over time, forming the foundation of the field. In
biology, most of what we know builds on the theory of evolution and the mecha-
nisms of evolution, laying the backbone of the field. Yet it would be odd if we did
not see a big change in theory in the classic examples between Ptolemy and Coperni-
cus, or between Aristotle’s, Newton’s and Einstein’s view of physical reality spanning
two millennia. These changes did not emerge from nowhere. Scholars in the 16th
and 17th century, including Copernicus and Newton, turned to Ptolemy’s geocentric
astronomy and Aristotle’s laws of motion as the very theories they tested, disproved
and built on.(195) Several centuries later, Einstein then relied on Newton’s laws of
motion and theory of gravity as a reference point to build on. Yet Newton’s classi-
cal mechanics still remains useful today to describe everyday, macroscopic objects.
Even the rare historical cases of abandoned discoveries reveal elements of cumula-
tive knowledge we used to go beyond them. By studying discoveries systematically,
we can overcome what seems to be discontinuity in some select theories in the past,
especially about physical reality, and view them as stepping stones.

A conceptual framework of the cumulative nature of science

While an individual hypothesis or theory of a scientist can be tested, challenged and
even abandoned, the broader methods and scientific fields represent our extensive
bodies of knowledge consolidated over time. We discard many of our ideas, hypothe-
ses and even some theories, but we do not abandon our major methods applied
across fields or our major fields—as depicted in Figure 3.2. Testing the paradigm shift
hypothesis with over 750 major discoveries including science’s major theories, we
uncover that the few abandoned discoveries were mostly theories—not experimental
or methodological breakthroughs. These discarded theories often lacked robust evi-
dence, reinforcing the fact that scientific progress fundamentally relies on the right
methods to collect robust evidence (Table 3.1).

So the history of science tells a cumulative and unified story—one driven by our
collective method and tool advances. Shifting our attention from isolated hypotheses
and select theoretical discoveries to science’s major discoveries, methods and fields is
a more systematic way to assess the cumulative nature of scientific progress. For they
make up the foundation of science and how we do science. So cumulative knowledge
exists on a spectrum: from unestablished ideas and hypotheses, then experimental
findings and theories (experimental and theoretical discoveries), and ultimately to
well-established methods and fields.

Within the vast landscape of science’smajor theoretical, experimental andmethod-
ological discoveries, Kuhn narrowed his lens on theories. Within that scope, he
zoomed inmainly on physics. And he honed in even further on its early development
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Figure 3.2 Cumulative nature of science: the spectrum of cumulative knowledge

up to the early 20th century. He finally zeroed in on a handful of theories often span-
ning centuries where evolution would be more likely. Yet if we want to draw general
insights about scientific progress across the history of science, we cannot be selective
but need a comprehensive approach spanning the history of science itself—the aim of
this chapter. Kuhn’s landmark book The structure of scientific revolutions popularised
the idea that science undergoes dramatic paradigm-shifting upheavals—like political
revolutions. Yet Kuhn did not establish a universal structure across scientific shifts,
and they are generally slow and incremental rather than abrupt and revolutionary.
A more accurate title, given Kuhn’s select case studies, could have been An account
of theory change mainly in early physics. Yet a more fitting description of science
would actually be Cumulative scientific progress embodied in scientific methods and
fields.

We keep reworking the details of our knowledge as we generate new methods and
collect new evidence. Evidence and explanations are works in progress—valid until
we update them using better methods that provide better evidence and explanations.
Science is about creating new tools that enable us to revise our best theories and expla-
nations of the world in light of new evidence. This is the nature of scientific progress.
Science and scientific methods thrive on iteration: they are a bootstrapped (correct-
ing) process of constant improvement, refinement and synthesis. Quantum theory
and the mechanisms of evolution, statistics and microscopes, chemistry and com-
puter science are all continually refined over time as we come across new methods
and challenges.

Ultimately, we tend tomeasure a discovery’s significance by its impact—how useful
it is in helping us solve problems and better understanding the world. Some discover-
ies and methods seem timeless, like discovering the electron, the theory of evolution
and the sun-centred theory of our solar system, and statistics, microscopes and x-ray
methods that will be around in the future. For they form the backbone of entire
fields. Others seem less timeless, like discovering the Coronavirus vaccine, partition
chromatography and cardiac catheterisation (a technique for inserting a catheter into
the heart). Yet each piece contributes to our ever more cumulative body of methods
and knowledge that we build on—and account for science.
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Evolution over revolution in science

For many people, studying the evolution of science over history does not seem
scientific—after all, we cannot run controlled experiments on the past. But by apply-
ing systematic scientificmethods to examine science’s major discoveries andmethods
across fields, we can uncover how science advances. Scientific methods, and discov-
eries they enable, are highly cumulative across fields and time. In fact, no complex
scientific methods or tools (like mathematics, lasers and particle accelerators) and no
complex scientific fields (like biomedicine, earth sciences and atomic physics) would
even be possible if they were not deeply cumulative. We do not discard or disprove
major methods, tools or fields. Instead, we abandon preliminary theories that are not
grounded in rigorous methods and are often more provisional and speculative than
our establishedmethods—that largely lay the foundation to establish our theories and
fields.

If we instead scan the history of science and focus on a few select theories (like
some historians and philosophers of science like Kuhn) or explore a random sam-
ple using article citations (like some scientists using big data), we can find what
looks like discontinuity between those individual cases. But testing this fundamental
question with rich evidence provides a very different, cumulative answer. The idea
of grand paradigm shifts, which govern science and overturn central theories with
entirely new theories, applies to only about 1% of major theoretical, experimental
andmethodological breakthroughs. If revolutionary science were pervasive, one may
even expect the over 750 biggest discoveries in history—spanning all nobel-prize and
major non-nobel breakthroughs—to serve precisely as the strongest evidence of dis-
ruptive breaks. Yet we find the opposite: the most groundbreaking of discoveries in
history have been extended over time, reinforcing the deeply cumulative progress
of science. New and continually improved methods and tools better explain scientific
progress than new revolutionary, paradigm-changing ideas and theories that generally
result from these improved methods and tools of discovery.

Scientific progress is, at its core, fundamentally brought about and grounded on
the tools we develop to explore, test and refine our understanding of the world—not
just by changes in theories. The common emphasis on theoretical shifts reflects a final
output but overlooks the crucial methodological process we take to create, replicate
and refine the output. Traditionally, many think discoveries and theories are the heart
of science, while methods are a temporary bridge that, once we develop the discov-
eries and theories, no longer receives our attention. We need to also place methods at
the heart of science, with the discoveries and theories we develop using methods seen
as the temporary output of science, until we update them with new evidence using our
expanding and cumulative methods. Most theories thus remain provisional, evolv-
ing as we improve our tools. This explanation of methods-led science offers a more
realistic picture of how knowledge advances—a more coherent alternative to the idea
of winner-takes-all paradigm shifts. It alignswith actual scientific practice and enables
us to better understand and accelerate scientific progress.

Science advances cumulatively regardless of how we theorise about scientific
change, so the debate among historians and philosophers of science on whether
some exceptional theories may evolve through paradigm shifts has little impact on
our scientific advances. Our vast and interconnected web of cumulative methods,
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knowledge and technology keeps growing regardless of the theoretical debate. For
some, the debate on paradigm shifts is, at best, a negligible or non-existent problem.
Yet Kuhnwould insist that we are not progressing towards the truth, in the philosoph-
ical sense—for example from Ptolemy to Copernicus. But we uncover a key insight
from the debate: we can in fact speed up the pace of cumulative scientific progress by
shifting how we conceive scientific change—to expanding our cumulative scientific
toolbox. In the final section of this chapter, we turn now to the evolution of the classic
scientific method.

Redefining the scientific method: as leveraging sophisticated
scientific methods that extend our mind

The classic scientific method—observing, experimenting and testing hypotheses—
has remained unchanged for centuries; so can it be compatible with the deeply
cumulative nature of science and its ever-evolving methods? Does it accurately cap-
ture the way we gather knowledge—and then revise our knowledge as we get our
hands on new evidence? Or do we need to rethink and expand this classic method
into a broader, overarchingmethod of science that better reflects how science actually
works?

The classic scientific method is defined in science textbooks and dictionaries as
‘the collection of data through observation and experiment, and the formulation
and testing of hypotheses’.(196–198) Many science textbooks present the scientific
method to students as a simple sequence of steps: observe, experiment and test
hypotheses.(199–202) A study of major science institutions like the National Science
Foundation (NSF) and National Institutes of Health (NIH) also revealed that they
primarily endorse this hypothesis-driven method rather than exploratory methods
that lack predefined hypotheses.(203) So this approach, as a unifying method of sci-
ence, is embedded in science dictionaries, textbooks and institutions—often stating
that we follow, and should follow, the method. It is commonly traced back at least to
Francis Bacon who popularised the concept in his book Novum Organum in 1620.
Bacon emphasised that what we know comes from evidence and experimenting (in
his words, ‘twisting the lion’s tail’ and observing what happens); and is the only way
to actually do science.(204) His book not only laid the foundation for philosophy of
science but also fundamentally shaped how generations of scientists conceive the
practice of science.(199,200,202,203)

But science has advanced far beyond its early history, so does this traditional view
still hold? Before hypothesising about what science’s general method is and what it
should be, we need to first take a step back and examine the evidence on how sci-
ence is actually conducted. Surprisingly, the classic scientific method has not been
systematically analysed using scientific methods themselves, as many assume that it
cannot be subjected to scientific study. But by studying science’s major discoveries, we
can tackle the basic question: to what degree is the classic scientific method actually
applied in making science’s groundbreaking research?

Think of Einstein’s theory of special relativity that reshaped physics in the 20th
century and how we understand space and time. Darwin and Wallace’s theory
of evolution by natural selection transformed biology and how we comprehend
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the historical origins of our species. Franklin, Crick and Watson’s discovery of
the double-helix structure of DNA redefined genetics and how we conceive the
way genetic information of living organisms is stored, copied and passed along.
These scientists fundamentally changed the way we view the world, but they them-
selves did not always directly carry out experiments to uncover these path-breaking
discoveries.

Examining science’s major discoveries, we uncover an unexpected finding: 25% of
breakthroughs since 1900 did not apply the traditional scientific method (all three
features)—with 6% of discoveries made without observation, 23% without experi-
mentation and 17% without testing a hypothesis. Expanding our lens and analysing
science’s over 750major discoveries over history, we find that the traditional scientific
method (all three features) is applied in making 71% of discoveries (with individual
shares seen in Figure 3.3). Some hypotheses are tested through systematic experi-
ments, while others rely solely on observation—such as an astronomical observation
or in observational studies. So science does not always fit the textbook definition, with
hundreds of groundbreaking discoveries not following the classic scientific method.
The evidence thus challenges this long-standing concept of science.

Methodological abilities

Experimentation      75%

Testing hypothesis    81%

Observation 94%

Methods and instruments

Sophisticated methods and instruments  100%

Scientific 
discoveries

Figure 3.3 Methods of science pyramid: Breakdown of methodological
approaches we use in making discoveries
The data cover science’s 761 major discoveries.

What about differences across fields? Surprisingly, the classic scientificmethodwas
not applied in making about half of all nobel-prize discoveries in astronomy, eco-
nomics and social sciences.Why? Experiments are not always possible—astronomers
cannot manipulate stars in a lab and economists cannot run controlled experiments
on entire economies. Some discoveries are made through open-ended exploration,
without testing a pre-established hypothesis, while others are more theoretical. Even
in physics, about a quarter of breakthroughs broke from tradition. This reveals a key
insight: the traditional scientificmethoddoes not capture the full reality of discoveries
and, more importantly, it overlooks the fact that science’s major discoveries depend
on applying sophisticated methods (like statistics and randomisation techniques) or
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tools (like centrifuges and advanced computers) (Figure 3.4). Science is about getting
our hands on the right tools to break new ground.

When we evaluate science’s major discoveries, what is the fundamental method we
apply to be able to do science and spark discoveries? We identify a common feature
we can reduce the method of science to: science’s major discoveries have relied on
using sophisticated methods and instruments. These external resources—from lasers
to chromatography—extend our mind and senses, allowing us to see, measure and
analyse the otherwise unobservable that makes up most of science today. Unlike
observing, hypothesising and experimenting—largely internal cognitive abilities—
scientific tools are material artifacts that can be shared, refined and built on by others
(Figure 3.4). Applying sophisticatedmethods or tools is a necessary condition for dis-
covery. Without them, discovery and scientific progress is not possible—this reveals
a universal principle of scientific methodology.

The sophisticated scientific method is actually more unique to science than the
classic method; after all, the most used scientific methods and tools—like particle
accelerators, electrophoresis methods and x-ray crystallography—we largely only use
in science. But we often make observations, test hypotheses and experiment in busi-
ness, industry, public policy and even in our everyday lives and they are not just
prototypical or distinct to science. Recognising the enormous importance of com-
plex tools adds an essential element to understanding science and how science has
evolved.

In its early origins, science was often grounded only on directly observing, hypoth-
esising or experimenting—while today, these activities are only possible for making
discoveries by applying and refining complex tools (a topic we explore later in
Chapter 7). The classic scientific method—or one or two of its three features—was
more likely to be applied in its traditional form,without complex scientific tools, when
early scholars like Bacon described it in 1620.(204) At the time, the first two major
tools that shaped 17th-century science, the microscope and telescope, were recently
invented, and tools did not yet dominate science in the same way. Bacon’s vision of
science aligned with the prevailing understanding of science and was limited by the
tools of his time. But since then, sophisticated scientific methods have transformed
how we observe, experiment, test hypotheses and solve problems—in much more
diverse, complex and efficient ways than ever before. Just as science itself has evolved
and expanded, so too should the classic scientificmethod. Its broad and general descrip-
tion is better understood as a basic method of reasoning used for human activities
(non-scientific and scientific alike).

Let us look at some of the nobel-prize discoverers who did not directly apply
or generally could not apply the classic scientific method in making their ground-
breaking discovery. Einstein did not himself run traditional experiments when he
developed the law of the photoelectric effect in 1905, nor did Franklin, Crick and
Watson when they uncovered the double-helix structure of DNA in 1953 using obser-
vational images generated by Franklin. The British Roger Penrose did not himself
make direct observations when he formulated the mathematical proof for black holes
in 1965, nor did the Russian-Belgian Ilya Prigogine when he created the theory of
dissipative structures in thermodynamics in 1969. The Danish Niels Jerne did not
directly test a hypothesis when he developed the natural selection theory of antibody
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Figure 3.4 Breakdown of discoveries we make using the classic and the sophisticated
scientific method—across time and fields
The data reflect science’s 761 major discoveries (including all nobel-prize discoveries) (Figure
a)—and all 533 nobel-prize discoveries (Figure b). Each of these discovery-making
publications is categorised as using observation if the study describes collecting observational
data (using eyesight) (bar 1 in the figure), as using experimentation if the study ran an
experiment (bar 2), as testing a hypothesis if the study formulated and examined a proposed
explanation (rather than doing exploratory research) (bar 3) and as using the classic scientific
method if the study applied the three features (bar 4). Finally, the publication is categorised as
using the sophisticated scientific method if the study applied a complex scientific method or
instrument (bar 5). When we combine all nobel-prize and other major discoveries over the
same time period across these five fields, we find that for example the share of discoveries made
applying the classic scientific method is 40%, 35%, 75%, 93% and 89%.
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formation in 1955, nor did the Canadian James Peebles when he created the theo-
retical framework of physical cosmology in 1965. If we were to abide by the classic
scientific method, Copernicus, Einstein, Franklin, Crick and Watson and many oth-
ers would not be seen as applying it, as they did not directly conduct experiments
to trigger their seminal breakthroughs. Yet these scientists became iconic figures of
science.

Many nobel-prize discoveries have been awarded for breakthroughs that lacked
theoretical underpinning, from radioactivity and x-rays to viruses and scientific tools.
While individual scientists and breakthroughs at times bypass steps of the traditional
scientific method, the method can be seen as often eventually applied at the collective
level by the scientific community over time. Scientific progress, in this sense, is dis-
tributed across scientists over generations, making it a cumulative endeavour where
one picks up where another left off. Yet the sophisticated scientific method is in fact
implemented across science’s major discoveries. By reframing the scientific method
not as a rigid, linear sequence of steps a scientist applies but as a more flexible, tool-
driven process that scientists actually apply, we gain a critical advantage. We shift our
focus from formulating hypotheses to identifying themost effective tools andmethods
to solve complex problems—with or without a pre-established hypothesis, as many of
the greatest discoveries highlight.

So we need to reframe the (classic) scientific method from mainly inside our
heads—observing, hypothesising and experimenting—to the (sophisticated) scien-
tific method mainly in the world outside that we explore and measure with our
cutting-edge scientific methods and tools. For tools extend the very limits of our
mind, generate completely new kinds of data and uncover insights about the world
far beyond what we could have imagined. Scientific tools, like scientists themselves,
come in many shapes, sizes and levels of sophistication. To do science, we do
not just observe; we combine mathematics with precise measurement instruments,
merge statistics and AI with controlled experiments, link x-ray crystallography, spec-
trometers and particle detectors to systematic observation, and make hundreds of
other powerful combinations. Think of the incredible diversity of methods used in
immunology, oceanography, neuroscience and astrophysics, or chemistry, agronomy
and behavioural economics.

Our tools make it possible, for most phenomena in science, to observe, experiment
and test hypotheses in the first place and do exploratory research—and in new and
innovative ways otherwise out of our reach. The sophisticated scientific method inte-
grates these features into our central methods and tools, creating an adaptable system
of discovery (Figure 3.5). Even replication, a main feature of science, is deeply tied
to sophisticated methods (not the classic method). Using advanced tools like x-ray
devices and statistical methods, researchers can replicate discoveries (while simply
observing, experimenting and testing hypotheses is too broad and too susceptible
to each researcher using them differently). But with sophisticated methods, science
becomes more accurate and reliable and less prone to human error, while enabling
us to much better evaluate the quality of research.

Ultimately, with the classic scientific method, we would not be able to label many
of our greatest scientific discoveries as scientific—despite their profound impact on
our lives. This traditional view, seen as a golden principle connecting the scientific
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Classic scientific method

Observing, experimenting and 
testing hypotheses

Using complex methods and
instruments

(such as statistics and centrifuges to 
observe, experiment, test hypotheses 

and do exploratory research)

(used in 100% of scientific discoveries)(used in 94%, 75% and 81% of
scientific discoveries)

Sophisticated scientific method

Figure 3.5

community together, can be misunderstood as universal. It is an idealisation that can
at times be confusing and misleading, especially for students and less-experienced
researchers, when learning about science and realising that it does not always apply
or focusing their attention at times in the wrong direction. In fact, adhering to it as
a guiding principle can stifle innovation and constrain us from developing new ideas
and breakthroughs.Howwe do science and sparkmajor breakthroughs thrives on our
diverse methods and tools, so we can best view the method of science as leveraging our
sophisticated toolbox. We need to reform the classic scientific method, integrating and
redefining it as the sophisticated scientific method. Since methods and instruments—
from mathematics to microscopes—extend our mind and senses and are essential
for doing science today, we lay out a definition that better reflects actual scientific
practice:

Scientificmethodology is the use of sophisticatedmethods and tools that enable us to
observe, experiment, test hypotheses, solve problems and do exploratory research.

Sophisticated methods are general-purpose, meaning we can apply them to different
questions and domains. This definition offers amore accurate understanding of scien-
tific methodology. It shifts our attention to upgrading our sophisticated toolbox—the
very engine that enables us to push science forward. Ultimately, the best path to dis-
covery is not the classic scientificmethod but its extension: the sophisticated scientific
method.

At this point, we have gotten through enough evidence to return to the related but
broader question: what is science? While science is generally defined as the study of
the ‘world through observation, experimentation, and the testing of theories’ (Oxford
English Dictionary),(74) this view misses something crucial. At its core, science is
powered bymethods and tools we create—from telescopes to statistical simulations—
that enable observation, experimentation and testing theories. Without them, science
today is not possible; so science needs a better definition based on actual evidence:

Science is the study of the natural and social world using methods and tools to
observe, experiment, solve problems and develop theories—in order to describe,
explain and predict the world.
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As a final thought, to develop new tools and ideas, we use not only observation and
measurement but also imagination and abstraction that go beyond the periphery of
themeasurable scientific method. Take Emmanuelle Charpentier at Umeå University
and Jennifer Doudna at Berkeley for example, who imagined and devised a unique
new genome-editing techniqueCRISPR. Theirmethod functions like genetic scissors
that precisely cut a DNA molecule at a specific location. This method has trans-
formed the life sciences and our understanding of how to change theDNA of animals,
plants and even humans.(114) Take Allan Cormack at Tufts University and Godfrey
Hounsfield at EMI Laboratories, who conceived computer-assisted tomography (CT
scans) by imagining the different pieces and devising the necessary computing sys-
tem. How a CT scan works is that clusters of x-ray beams pass through our body from
multiple angles, generating detailed internal images of our body with computer cal-
culations. The instrument marks a vital advance in the medical world and some of us
who have had injuries have taken a CT scan. Tool discoveries rely on imagination—
from Wilson conceiving the first particle detector that visualised particle tracks and
Ruska inventing the first electron microscope, to Gilbert and Sanger designing DNA
sequencing.(95)

Conclusion

It is tempting to think of science as revolutionary, as sudden paradigm shifts make
for appealing and fascinating stories. But science—its scientific methods and the dis-
coveries and fields they enable—is best described by (cumulative) evolution rather
than (paradigm-changing) revolution. Our methods and fields would not even be
conceivable if they were not deeply cumulative. New and expanded tools better
explain scientific advances than new paradigm-changing theories that arise from
those expanded tools.

By recognising this, we can accelerate the pace of cumulative progress by re-
conceptualising scientific change: rather than thinking of elusive revolutions, we need
to systematically expand our cumulative toolbox as the engine of science and discov-
ery. Ultimately, because science evolves does not mean that it is not cumulative—it is
precisely what makes science cumulative, by building on and refining our collective
methods and knowledge of the world. By standing on the shoulders and cumulative
methods of giants, we keep seeing further and developing new discoveries, life-saving
medicines and transformative technologies. To reflect how science actually works, we
need to also extend the classic scientific method (which we do not always apply) with
the sophisticated scientific method (which we do always apply).

So far, we have explored the two most influential and cited explanations of
science—and then sketched out the method maker’s new perspective. Examining
science’s major discoveries, we reveal that science and discovery actually follow a log-
ical pattern, unlike Karl Popper’s explanation of science that rejected this possibility
(Chapter 2).(17) We also find that the history of science is highly cumulative, unlike
Thomas Kuhn’s explanation of science that is shaped by non-cumulative paradigm
shifts (Chapter 3).(15) Both the logical and cumulative nature of science are deeply
embedded in the ever more powerful tools we use to spark new advances.
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Discovery-makers

How younger age, interdisciplinary education and resources
can support discoverers and our new cutting-edge tools

Summary

With our expanding toolbox driving major discoveries and cumulative science,
this opens an important question: how do our powerful tools connect to our
broader environment? How do they interact with the demographics, institutions
and resources that help support the scientific process—and develop new tools?
And more intriguingly, who are the scientists behind our biggest discoveries? By
studying science’s biggest discoverers and their broader traits, we uncover a unique
portrait—a general profile of the greatest scientists in history. This is key for us to
tackle our central puzzle: uncovering what consistently drives discoveries across
science—and what is only relevant in certain discoveries. Strikingly, we find that
interdisciplinary scientists, those with broader method training, are behind about
half of all nobel-prize andmajor non-nobel discoveries over the same period. This
highlights the importance of crossing scientific borders and combining methods
across disciplines. We also unexpectedly find that younger, more motivated scien-
tists are the ones behind our greatest advances: scientists over 50 made only 7% of
all nobel-prize discoveries and 15% of non-nobel discoveries. Surprisingly, those
over 60 made only 1% and 3%. And where do discoverers work? Most work at
less-known institutions at the time of their discovery: scientists at top 50 ranked
universities made up only one third of both nobel-prize and other major discov-
eries. This is important—it debunks the assumption that only top-tier institutions
are where breakthroughs happen. We also dig deeper: exploring the geographic
location, gender and wider country conditions of science’s greatest discoverers.

Overview

So far, we have been unpacking how and when discoveries emerge. In this chapter,
we dig deeper and fill in the gap: who makes them and where do they happen?
Despite science profoundly shaping the course of human history, we know surpris-
ingly little about who makes science’s breakthrough advances. Understanding who
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DOI: 10.1093/oso/9780197829790.003.0005
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science’s great discoverers are—the personal side of science—intrigues both scien-
tists and the general public. Classic work on scientific discoverers goes back at least
to Boleslaw Prus in 1873,(169) Florian Znaniecki in 1923,(205) Francis Galton’s English
men of science: their nature and nurture in 1874,(206) and especially influential has
been Harriet Zuckerman’s Scientific elite: Nobel laureates in the United States in 1977
(Box 4.1).(44) Researchers often explore a limited sample of discoverers, covering
one time period, scientific field or country like the US or UK.(41,43,85,207–209) While
valuable, these snapshots donot allowus to drawbroad, general insights about discov-
erers. A more comprehensive approach is needed—one that spans major discoverers
across science, time periods and discoverers’ broad traits to uncover the fuller
picture.

Typically, researchers studying the traits of scientists often also focus their lens
on one factor—reflecting the broader trend in today’s specialised scientific land-
scape that adopts a more narrow focus. Here we widen the lens to all nobel-prize
and major non-nobel discoverers, exploring the broad range of demographic traits:
their age,(12–14) their education level,(44,85) their interdisciplinary training,(83,84) their
gender,(210,211) their country of residence,(212–214) and their religious affiliation(44)—
all at the time of their discoveries. We also investigate their institutions—university
ranking(208,215,216)—and their broader social and economic features, including
income per capita and population size of the country they lived in.(213) By explor-
ing this broader set of supporting factors, we find unique patterns in the background
traits of science’s eminent discoverers across fields and history—including the wider
context they work in. We reveal how science’s prominent discoverers have changed
over time: they have shifted towards greater interdisciplinary education and method
training—going against the common trend to specialise—and they are still making
breakthroughs at a young age, though they are not as young as before. We also dig
deeper to analyse what shapes discoveries by controlling for the common influencing
factors and comparing how important they are (for interested readers, more details
on the data are in the online Methods Appendix).

Box 4.1 The sociologists of science Harriet Zuckerman and Robert
Merton

The American sociologist of science Harriet Zuckerman, while working at
Columbia University, packed her bags and travelled throughout the US to inter-
view Nobel laureates. She pioneered studying the traits of prominent scientists,
asking them about their background, family and research. In her seminal book
Scientific elite: Nobel laureates in the United States in 1977, she tells the story
of how being ‘a Nobel laureate is, for better or for worse, to be firmly placed
in the scientific elite’ and the history of science.(44) She offers insight into the
lives of Nobel laureates, ‘as we follow the laureates from their social origins
through their formal education and apprenticeships in the craft of science to
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their major contributions at the research front’.(44) One of Zuckerman’s core
arguments is that discovery is more of a collective effort than an individual
enterprise—it is embedded in a social context, with the scientific elite made up
of talented individuals influenced by institutions, education, social stratification
and mobility.

By exploring the experiences of scientists winning the Nobel prize, described
as ‘the ultimate scientific award’, she observes power, authority and influence in
science’s award system.(44) Zuckerman argues that the path to these ultra-elite of
science can be highly competitive and hierarchical, where only a few can achieve
high success. Some Nobel laureates, she found, dedicated their lives to a single
breakthrough, often sacrificing personal time and other ambitions along theway—
with Nobel laureates achieving a kind of scientific immortality after they pass
away.(44) Yet Zuckerman’s study only focused on a small sample of AmericanNobel
laureates. In this chapter, we explore the broader spectrum of demographic traits
for all nobel-prize and other major discoverers.

Robert Merton—Zuckerman’s main inspiration and later her collaborator—
was another pioneering sociologist of science.(44) He argues that discover-
ies take place within a scientific community with shared norms, values and
institutions. Perhaps his most famous insight is the influential finding of the
‘Matthew effect’ in science—the idea that prominent scientists receive dis-
proportionately more credit for their research than less prominent scien-
tists with equally important contributions that often go unnoticed.(178) The
social structure of science generates a self-perpetuating cycle, where recogni-
tion breeds more recognition, solidifying the status of elite scientists. At 83,
Merton married Zuckerman, with the duo leaving behind a large mark in the
sociology of science. In short, sociologists of science focus on the interest-
ing social conditions in which scientists work. They make valuable insights
about science just like historians, scientists, psychologists and philosophers
(Chapters 1–3). But while they explore the environment and traits surrounding
discovery, they leave the key question unanswered: what actually drives science’s
breakthroughs—the common force we are unpacking as we progress through the
book.

Most discoverers have an interdisciplinary education with training
in broader methods to make breakthroughs

With new tools driving new discoveries, what factors and traits can support scien-
tists in getting their hands on and creating new tools to advance science?We begin by
exploring education—a natural starting point in scientists’ training. We find that 88%
of science’s major discoveries since 1600—when doctoral awards began to spread—
have been made by researchers with a PhD at the time of their breakthrough. The
figure rises to 96% for all nobel-prize discoveries (awarded since 1901). In other
words, most discoverers are highly trained. As science has expanded, a paradox has
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emerged: the more complex the world we study, the more sophisticated our tools
must be to study the ever greater complexity. The two move closely in parallel.
Today, to trigger new discoveries demands training in evermore advanced tools, from
cutting-edge statistical methods to high-resolution electron microscopes, along with
acquiring extensive bodies of knowledge. Truly mastering our best tools takes time,
but is key.

Over the history of science, dozens of great discoverers—including Faraday, Tesla
and Dalton—completed at most only secondary schooling. Yet by mastering newly
developed tools on their own, such as the galvanometer, electric generator and
eudiometer, including mathematical methods, these scientists were able to spark
groundbreaking discoveries. While universities offer structured training and greater
access to cutting-edge methods, they have not always been necessary for achieving
discoveries. Yet since the 18th century, discoverers have been more and more likely
to hold a PhD and work as professors (as we see in Figure 4.1a).

But what about interdisciplinarily education? Today, scientists typically specialise
and work in one field—a common norm of science. Yet we find a unique pattern
here: most nobel-prize discoveries—54%—have come from scientists with two or
more degrees in different fields by the time of their breakthrough. The figure is 42%
for major non-nobel discoveries over the same period—serving as an independent
benchmark or control. Some fields rely on interdisciplinary training more than oth-
ers: in medicine and biology, discoverers are most likely (69%) to receive degrees
in multiple fields, compared to physics (39%), where specialisation is much more
common (Figure 4.1d). Interdisciplinary education is on the rise, with over 70% of
major discoveries since 2000 made by scientists who completed (at least) two differ-
ent degrees. Simply put, discoverers are trained more broadly than their peers, and
not necessarily more deeply.

The National Research Council in the US argues that challenges at the frontiers of
science can often require the intersection of disciplines. Deeply complex problems in
both science and society can demand crossing scientific borders.(58) So advances can
arise at the edges and boundaries between fields.

Scanning science’s biggest discoveries, we find that innovation at times comes
from combining methods across fields or harnessing a method from one field in
another. Interdisciplinary training expands our toolkit: equipping us with skills in
tools from different fields. It enables us to overcome rigid disciplinary constraints,
merge seemingly unrelated methods in innovative ways and develop entirely new
integrated methods. In short: it allows us to bridge gaps between disciplines by
adopting a completely new approach to a complex problem that would otherwise
remain isolated. Take the German Max Delbrück for example. Trained in physics
at the University of Göttingen, he turned to biology in the 1930s, bringing with
him cutting-edge tools from physics—including advanced statistical methods. With
these unconventional tools, he was able to tackle unanswered questions in genet-
ics and reveal that bacteria develop through mutations. His breakthrough 1943
paper Mutations of bacteria from virus sensitivity to virus resistance helped open
molecular genetics. Similarly, the German Konrad Bloch’s unique educational path—
completing degrees in chemical engineering at the Technical University of Munich
and biochemistry at Columbia University—gave him a special edge. It enabled him
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Figure 4.1 A sharp rise in education and interdisciplinary training of discoverers—across time and fields
The data show science’s 761 major discoveries (including all nobel-prize discoveries) (Figure a and c)—and all 533 nobel-prize
discoveries (Figure b and d). All professors have a PhD. A discoverer is defined as having interdisciplinary degrees if they
earned two or more degrees in different fields. Universities were founded in the late 14th century, offering formal education and
degrees since then.(220) When combining all nobel-prize and other major discoveries over the same time period across these five
fields in Figure d, we find that for example the share of discoverers with two or more degrees is 38%, 58%, 51%, 56% and 65%.
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to apply new isotopic labelling methods to discover the mechanism and regulation
of cholesterol. He uncovered how cholesterol and fatty acids are converted in our
body.

TheBritish Frederick Sanger studied natural science, biochemistry andmedicine at
Cambridge, and combinedhismethodological training to apply newgel electrophore-
sis methods and pioneer one of the most influential techniques in the history of
genetics: DNA sequencing.(184) Not only have these powerful sequencing methods
catalysed multiple discoveries, but Sanger himself also won two Nobel prizes for his
breakthroughs. The Swedish Svante Pääbo first studied humanities, including history
of science and then medicine at Uppsala University, before later pursuing postdoc-
toral studies in molecular biology and then becoming the director of the Max Planck
Institute for Evolutionary Anthropology in Leipzig.(217) His diverse background
enabled leveraging the newDNA sequencing methods to explore ancient DNA, lead-
ing to the groundbreaking discovery of the Neanderthal genome and rewriting how
we understand human evolution.(218) The Canadian Donna Strickland, trained in
engineering physics and optics at McMaster University, worked together with the
French GérardMourou, trained in physics at the Sorbonne. Together, they employed
new laser technology to develop a new breakthrough technique: the method of ultra-
short high-intensity laser pulses. Their breakthrough method paved the way for laser
eye surgery.

The German Hermann von Helmholtz received a PhD in medicine and also stud-
ied physics and mathematics at the Humboldt University of Berlin. This allowed him
to apply new mathematical principles and physical analysis that other physiologists
did not. He could then make—at just 26—a foundational discovery that transformed
part of physiology and physics: the principle of the conservation of energy.(219) Then
there is the British Rosalind Franklin, who studied physical chemistry at Cambridge
and then turned to biology, ultimately applying x-ray crystallography methods devel-
oped in physics to capture the first remarkable image of the double-helix structure
of DNA.(1)

History makes it clear: some of our greatest discoveries happen when we step out-
side our field and adopt powerful tools in other fields. Yet delayed discoveries are
pervasive in science—oftenoccurringwhen researchers are unaware of powerful tools
outside their own field to tackle the very problems they seek to solve with less effective
conventional tools (Chapter 1).

There is a trade-off at play: as our knowledge and the methods we use to
generate that knowledge expand over time, researchers have specialised into ever-
narrower fields. Yet making unexpected connections commonly relies on har-
nessing unexpected methods across domains. While the universal scholar is an
ideal of the past, the small share of researchers who push the frontier are more
likely to defy the trend towards specialisation and venture beyond their own
domain.

Although breakthrough research is often interdisciplinary, the very structure of
scientific institutions—universities, academic journals and even prestigious awards
like the Nobel prize—reinforces traditional disciplinary borders.(83) To foster dis-
coveries, we need to challenge and rethink these outdated disciplinary divisions
and how we can promote and reward interdisciplinary research, including the
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Nobel Prize. Independent of disciplines, we need to reward the best research.
Beyond education and training, there is another closely linked factor here:
researchers’ age.

Greater productivity and impact of younger scientists

Thomas Kuhn famously argued that ‘Almost always the men who achieve these fun-
damental inventions of a new paradigm [or major breakthrough] have been either
very young or very new to the field whose paradigm they change. … for obviously
these are the men who, being little committed by prior practice to the traditional
rules of normal science, are particularly likely to see that those rules no longer define a
playable game and to conceive another set that can replace them’.(15) Kuhn developed
this hypothesis by studying a small sample of theoretical discoverers, mostly in early
physics, like Einstein. But does this hypothesis hold up when we test it on science’s
major discoveries across fields? Indeed, Einstein was only 26 when he published his
nobel-prize-winning paper on the law of the photoelectric effect in 1905, in the presti-
gious journal Annalen der Physik. He did this while working at the Swiss patent office.
As Einstein himself boldly put it: ‘A person who has not made his great contribution
to science before the age of 30 will never do so’.(221) Yet do the conditions at Einstein’s
time reflect science today?

Weuncover a striking finding: the golden age range of highproductivity and impact
in science is between 35 and 45 years of age, with exactly 50% of all Nobel laureates
in science falling into this age range when uncovering their prize-winning discovery.
The average age of discoverers is 39 years. This is the prime of most scientists’ careers,
with the odds drastically dropping as age increases afterwards. We find that only 7%
of all nobel-prize discoveries and 15% of major non-nobel discoveries over the same
period arise after 50. Andmore remarkably: only 1% and 3% after 60. So today, we can
revise Einstein’s claim and say: a person who has not made their great contribution to
science before the age of 45 is much less likely to do so (as we uncover in Figure 4.2a).
For the group of nobel-prize discoverers, we can partly explain this by the average life
expectancy at present and the average 21-year gap betweenmaking the discovery and
receiving the prize. Yet on average, Nobel laureates in science are 60 years old when
they actually receive the prize.

So why does the sweet spot of discovery seem to peak in a researcher’s prime
years? Younger, untenured researchers are often more motivated and ambitious to
make their mark and achieve a breakthrough. Older researchers with already secure,
tenured positions often do not face the same degree of external pressure—publish or
perish. Younger researchers, those just entering a field, can have another advantage.
These researchers are trained in the latest, up-to-datemethods and technologies. They
bring a fresh perspective to problems, without always accepting established assump-
tions, and can be more open to exploring new techniques. The evidence challenges
the popular belief that greater age and experience are synonymous with innovation.

In the past, some researchers uncovered groundbreaking discoveries very early
in their careers. The Indian student Subrahmanyan Chandrasekhar, at just age 21,
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Figure 4.2 The golden age range of high productivity and impact in science is between
35 and 45 years of age
The data cover science’s 761 major discoveries (including all nobel-prize discoveries)
(Figure a)—and all 533 nobel-prize discoveries (Figure b).

described the physical processes governing the evolution of stars, making him the
youngest scientist ever to make a nobel-prize-winning discovery. Close behind him
was the British student Brian Josephson, who created a framework for tunnelling
supercurrents at 22, and the American John Nash, who introduced the game theory
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concept of Nash equilibrium also at 22. The Swedish student Svante Arrhenius devel-
oped the electrolytic theory of dissociation at 24, and the British student Alan Turing
devised the Turing machine also at 24, laying the theoretical groundwork for mod-
ern computing that later transformed our world. The German Werner Heisenberg,
British Paul Dirac and Danish Niels Bohr made their major contributions to quan-
tum mechanics at 24, 26 and 28, reshaping our understanding of reality.(95) All these
young researchers, except Turing, received a Nobel prize for these breakthroughs.
(Tragically, Turing did not live to see the full impact of his work, dying mysteriously
from cyanide poisoning at age 41, after being persecuted and chemically castrated by
the British government for being homosexual).(222)

All these contributions by the youngest discoverers were theoretical. Why? The
answer lies in the nature of research itself. Theoretical work often depends on the lat-
estmathematicalmethods andmodelling, alongwith littlemore than paper and a pen,
to challenge theoretical assumptions froma fresh, newperspective. By contrast, exper-
imental andmethodological research relies on rigorous experimental designs, testing,
observation and validation, all requiring significant training and access to lab space
and advanced tools. It demands first mastering tools like x-ray devices, advanced
statistical methods or electron microscopes.

Today, it is extremely difficult to achieve a major discovery at such a young age.
But why is that? Simply because acquiring the ever-expanding method training and
knowledge to be able to discover something new takes longer—before we reach the
research frontier. For our methods are more complex, and what we know is more
vast. Yet the path to experimental and methodological breakthroughs is still often
longer than for those that are theoretical. The low-hanging-fruit discoveries (the sim-
pler ones) have largely been picked—so generating new breakthroughs today often
requires solving more intricate puzzles.

Only about a third of discoverers since 1950 worked at top 25
universities that can help provide greater access to cutting-edge

tools and resources

What role can a scientist’s university play in supporting the broader research
environment—and accessing and developing new tools to spur breakthroughs? We
uncover that only 30% of all nobel-prize discoverers are affiliated with a top-25-
ranked university, and also 30% of major non-nobel discoverers (the uncrowned
laureates) over the same period—serving as an independent control group. Yet glob-
ally, less than 1% of researchers work at these elite institutions. Expanding the scope
to the top 50 universities, we see that 38% of all nobel-prize discoverers and 34% of
major non-nobel discoverers were at these institutions. So being at a top university is
far from a prerequisite for making breakthroughs, providing hope for researchers not
at top-tier institutions.

The share of discoverers at a top 25 university is higher in astronomy (41%)
and economics and social sciences (49%) (Figure 4.3). Why? We would expect this
because in astronomy, the most advanced radio telescopes, laser interferometers



DISCOVERY-MAKERS 109

0.00 0.00

0.17

0.090.09

0.32

0.030.03

0.24

0.070.09

0.80

0.28
0.33

0.95

0.36

0.45

0.99

0.28

0.50

1.00
0

.2
.4

.6
.8

1

Pe
rc

en
ta

ge
 o

f a
ll 

di
sc

ov
er

er
s

<1600 1600–1699 1700–1799 1800–1899 1900–1949 1950–1999 2000–2022

Evolution of science: all major discoveries over time

At top 25 university at discovery At top 50 university at
discoveryAt a university at discovery

0.22
0.29

0.98

0.29
0.33

0.99

0.29

0.38

0.99

0.41

0.59

1.00

0.49

0.59

1.00

0
.2

.4
.6

.8
1

Pe
rc

en
ta

ge
 o

f a
ll 

no
be

l-p
riz

e d
isc

ov
er

er
s

medicine/biol physics chemistry astronomy econ/social

Contemporary science: all nobel-prize discoveries - by field

At top 25 university at discovery
At top 50 university at discovery
At a university at discovery

Figure 4.3 Only about one in three discoverers since 1950 worked at a top 25 university
The data show science’s 761 major discoveries (including all nobel-prize discoveries) (Figure
a)—and all 533 nobel-prize discoveries (Figure b). The data reflect the discoverers’ university
affiliation at the time of the discovery, using the QS World University Rankings in 2021(223) as a
common reference point. Most top universities have remained among the top over time. For
earlier centuries, we should view data with caution: while most discoveries have been made
while today’s top 50 universities existed, some did not yet exist before the 1800s (Figure a). By
combining all nobel-prize and major non-nobel discoveries over the same time period across
these five fields, we find that, for example, the share of discoverers at a top 25 university is
comparable: 22%, 28%, 29%, 42%, and 48%. (And beyond university location, we explore
geographic location but also the religious background of discoverers in Appendix Figure 4.1.)
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and space observatories needed to make breakthroughs are concentrated there—and
because economics is the field most strongly centred in the US, where institutional
reputation plays a dominant role. We find a similar pattern in other fields with some
of the world’s largest and most sophisticated instruments, like particle accelerators,
electron microscopes and advanced x-ray technology needed to trigger discoveries,
concentrated at better institutions. At Berkeley for example, a massive new particle
accelerator, the Bevatron, built in 1954 enabled Emilio Segrè andOwenChamberlain
to run experiments and discover the antiproton in 1955. The breakthroughwould not
have otherwise been possible. Their groundbreaking article, Observation of antipro-
tons, was then published in the Physical Review. Yet many of our most common and
important tools used to catalyse breakthroughs are remarkably inexpensive (as we
uncover in Chapter 6).

Contrary to popular belief, we find that most breakthroughs occur outside top-
tier universities—outside the traditional elite—especially across most fields that do
not rely on those large, high-tech instruments often based there. Still, being at a top
university can, depending on the field, give researchers a comparative advantage,
not just through access to sophisticated instruments and lab facilities, but can also
offer some researchers greater access to funding and networks of researchers, when
necessary. Yet, for the share of discoverers at these universities, some of the more
ambitious naturally gravitate towards and self-select these institutions in the first
place. In short: discovery knows no institutional boundaries, with history showing
that breakthroughs can happen anywhere.

Exploring also gender disparities, we find that breakthrough science remains heav-
ily biased towards men, with women continuing to face discrimination in science.
Women represent only 5% of all scientists who made a major discovery and only 3%
of all Nobel laureates. The pioneering Polish-French physicist Marie Curie was the
first woman to win the prize. Her groundbreaking research on radium and polonium
transformed our understanding of radioactivity. She dedicated her life to science,
eventually dying of aplastic anaemia caused by exposure to radioactive materials she
worked with. She has become arguably the most iconic woman in science, making
history by winning two Nobel prizes—one in chemistry (by herself ) and another in
physics (collaborating with Henri Becquerel and her husband Pierre Curie).(95)

But what is the role of collaboration in science? Science is a collective effort.
Researchers within a community, working in cooperation and competition, need to
inevitably build on the existing tools and research of others that contribute towards a
breakthrough. Discovering DNA’s double-helix structure is an example of a deeply
collaborative effort. It was not just the work of Watson and Crick at Cambridge.
But the remarkable breakthrough was only possible because of the pivotal x-ray
work produced by Rosalind Franklin and her student Gosling—but as we high-
lighted, Franklin was discriminated for being a woman and was not fully recognised
during her lifetime. Her trailblazing work relied on powerful x-ray crystallography
methods developed by von Laue and the Braggs, who used x-radiation identified by
Röntgen.(125) The research also built on early work on DNA by Miescher, and was
supported by parallel work on DNA by Wilkins and his group of colleagues at King’s
College London, along with others.(1) The collaboration spanned across time and
geography. Some scientists create the tools needed to carry out the research (like
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von Laue’s and the Braggs’ x-ray methods), others may uncover the observational or
experimental insights applying these tools (like Franklin’s x-ray images), and others
may then develop a theoretical explanation for the evidence (like Watson and Crick’s
theoretical model).

Discovering the Higgs boson at CERN and unravelling evolution’s multiple mech-
anisms are other classic examples of great collaboration—triumphs requiring the
collective effort of hundreds of researchers working together over time. Larger
teams can at times better leverage different methods, combine them and inte-
grate more expertise. For relevant fields, they can help pool resources for more
cutting-edge instruments and can have greater access to different technologies and
lab equipment. While we focus on scientific superstars, these pioneers build on a
foundation that was made before them and makes the last step towards discovery
possible.

Funding and the scientific community

Ask scientists what drives discoveries, and the two most common factors stated are
research funding(6–8) and teams and the scientific community.(9–11) Given the vast
breakthroughs achieved in science, the role of governments after the Second World
War changed: for the first time, public funding for science was spent strategically.
With this shift, a global awareness emerged of the importance of science: the Chinese
Academy of Sciences was founded in 1949, theNational Science Foundation (NSF) in
the US in 1950 and the German Research Foundation (DFG) in 1951. Before the war,
science spending was negligible, making up only 0.1 billion US$ in 1930 in the US.
After the war, the US arose as the most important player in science funding. Research
and development (R&D) spending in the US surged nine-fold, increasing from 1.5
billion US$ in 1945 to 13.6 billion US$ in 1965. Strikingly, in the 1940s and early
1950s, over 80% of this spending was targeted to national defence alone. At the time,
the number of PhDs awarded in the US also jumped 10-fold, from 1634 awarded in
1945 to 16,340 in 1965 (Figure 4.4).

Yet science’s biggest discoveries throughout history cannot simply be attributed to
strategic science funding and a large, trained scientific community—because these
factors largely only began after the Second World War. By 1945, more than half
of science’s major discoveries—almost 400 breakthroughs—had already been made,
including the majority of major non-nobel discoveries since 1875. If strategic science
funding had played a very strong role, we would see a very strong sustained spike
in discoveries following the establishment of major science agencies and large-scale
funding. Yet we do not see a sustained spike (Figure 4.4). Instead, we uncover a com-
mon pattern throughout the history of science: major discoveries consistently follow
after the newly invented methods needed to make them.

Remarkably, before the mid-1930s, scientists already developed many of the cen-
tral methods and tools of science—and the discoveries they enabled. These include
modern microscopes since 1873, particle detectors since 1911, x-ray crystallography
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methods since 1913, the centrifuge in 1924, modern statistics in 1925, particle accel-
erators since 1929, electrophoresis in 1930 and chromatography in 1931. To create
these powerful tools, large-scale research funding and a large scientific community
were not the most important factors—or even an important factor—as they did not
yet exist. These breakthrough tools were made at relatively low costs, and each then
triggered multiple major discoveries. So while research funding fosters our system of
science, if we trace the path of discovery up to the breakthrough itself, one key driver
consistently emerges: the development of new methods and tools that directly spark
new discoveries. We dig deeper and unpack this topic in Chapter 6.
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Figure 4.4 Trends in science funding and the growing size of the scientific community in
the US, in relation to major scientific discoveries
The data reflect science’s 620 major discoveries made since 1875—and the 90 major non-nobel
discoveries since 1875. Other major discoveries before 1875 are not included. Once again, all
data—throughout the book—reflect the year discoveries are made—not when the Nobel prizes
are awarded. The data on R&D spending are from the Federal Reserve Economic Data,(224)
and total PhDs awarded are from the NSF.(225)

Science’s major discoveries reveal that expensive tools are not always needed for
most breakthroughs, beyond exceptional discoveries using instruments like large par-
ticle accelerators at CERN and space telescopes at NASA. Several of the tenmost used
central methods and tools of discovery are remarkably low-cost, including statisti-
cal and mathematical methods, light microscopes, electrophoresis, chromatography
methods, centrifuges and thermometers (and later the PCR method and other assay
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techniques). We can buy these new for less than a thousand or even few hundred dol-
lars (Chapter 6). Statistical methods including fast-growing statistical programmes
like R can be downloaded for free and some AI programmes have low costs, and play
a critical role in analysing vast datasets.

We see that nobel-prize discoverers in countries within the bottom two quin-
tiles (the poorest 40%) have access and use common tools at similar rates as those
in wealthier countries (Figure 4.5). Discoveries using common sophisticated instru-
ments are not just concentrated in the richest countries.Many fields rely on affordable
and easily accessiblemethods like advanced statistics and electrophoresis—and these,
as expected, show little variation across income levels.Once aminimal income thresh-
old is met, researchers in less affluent countries do not seem to face significantly
greater constraints to triggering breakthroughs—though historically, discoveries have
been concentrated in Europe andNorth America. Yet some countries’ researchers live
in—like their university—can influence access to more advanced instruments and
greater funding, infrastructure and government support. Wealthier countries often
house some of the more cutting-edge technological and computing facilities and spe-
cialised labs needed for some discoveries. Greater income per capita (more resources)
and a larger research team (more researchers) can foster the basic conditions of
science—but for most discoveries, they have not been needed (Chapter 6).

Researchers are also not in science for the money, otherwise they would take their
PhDs and go into industry with higher salaries. An exceptional and tragic case is

0
20

40
60

80
10

0
Pe

rc
en

ta
ge

 o
f d

isc
ov

er
ie

s

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5

Use of sophisticated methods/instruments - from poorest to richest quintile

electron microscope x-ray analysis
electrophoresis chromatography
centrifuge computer
statistics

Figure 4.5 Scientists in poorer and wealthier countries have comparable access and use
of various sophisticated methods and tools, for nobel-prize discoveries since 1975
The data reflect the 125 nobel-prize discoveries since 1975. These methods and tools were first
developed by 1950 and in wide use by 1975; to reflect this, these income quintiles are calculated
using the broad set of countries in which nobel-prize discoverers lived from 1975 to 2022. The
income data is adjusted for inflation, and we analyse the period from 1975 to 2022 to control
for larger variations in income over time.
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Nikola Tesla, the visionary discoverer who did pioneering work in electricity and
wireless transmission, but died impoverished and living alone in a New York City
hotel room despite his enormous contribution to science.(95)

Simply investing more money and people into science is not a focused strategy.
Yet researchers’ salaries and recurring overhead costs account for the vast majority of
total science spending—it sustains the day-to-day running costs. The large increase
in public science funding and the expansion of the scientific community since the
1950s have fuelled an extraordinary surge in publications—a surge that seems almost
natural in an ever-growing academic community shaped by a publish-or-perish cul-
ture where frequent publishing is often prioritised over high-impact breakthroughs.
Yet the surge has lacked a guiding framework—an evidence-based understanding of
what triggers groundbreaking discoveries. Despite large funding bodies in place since
the mid-20th century (like NSF and DFG) and early 21st century (like the European
Research Council), no funding agencies or large research communities yet have large
strategic programmes targeted to the development of transformative new methods
and tools across science. Surprisingly, science’s best tools happen to emerge as ad-hoc
projects as a specific demand arises, like constructing a cutting-edge spectrometer or
supercomputer (Chapter 6).

Predicting new discoveries and new methods (regression results)

After exploring how new methods drive discoveries, we turn to the broader ques-
tion: what other factors support the discovery process and the needed methods?
To analyse this, we take a different perspective here, using two logistic regression
models—controlling for the common supporting factors we explored earlier. Model
1 controls for the time gap between the developed method or tool and the discovery
it enabled, and for whether the discoverers conducted experiments, tested hypothe-
ses and made observations;(196,198) and it also controls for the common background
factors of discoverers’ discipline, age, the number of discoverers (collaborators), their
gender and level of education (the independent variables).(85) Model 2 extends these
variables, controlling also for whether the discoverers had two or more different aca-
demic degrees, whether they were at a top-50-ranked university (a proxy for greater
access to funding, networks and higher salaries) and broader country-level factors.
These include the discoverers’ geographic location, and the income per capita and
population size of the country they lived in. (We explored these factors in previous
sections.)

We begin by exploring the question of what, if anything, distinguishes nobel-prize
discoveries from major non-nobel discoveries over the same time period (the com-
parison group, or dependent variable)? That is, what factors may support nobel-prize
discoveries? We find that nobel-prize discoveries are more likely to be made faster—
within a shorter time span between the developed method or tool and the resulting
breakthrough. They are also more likely to be made by highly educated researchers
(PhDs or professors), by two or more researchers and through experimentation—
while controlling for the set of supporting factors including discipline, age, gender,
university ranking and geographic location. Being at a top university is not an
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The data reflect 697major discoveries since 1575, including all nobel-prize
discoveries. For interested readers, we provide the technical details and
model specifications below Appendix Figure 4.2.
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important predictor of making a nobel-winning discovery. Broad factors like income
per capita and population size also play amore limited role in influencing nobel-prize
breakthroughs (Figure 4.6).

Next, we explore the essential role of methods and tools in triggering
breakthroughs, with method discoveries—from the electron microscope to
electrophoresis—responsible for 25% of science’s major discoveries. The other
75% are empirical and theoretical discoveries. So what factors support these method
discoveries? When we compare method discoveries to empirical and theoretical ones
(the new dependent variable), we find that method discoveries, too, are most strongly
supported by researchers with the highest levels of education (PhDs or professors)
and through experimentation—while controlling for the same set of factors. The
time span between the developed method or tool and the resulting breakthrough is
very similar for method discoveries and empirical and theoretical discoveries, so the
effect is not statistically significant. Additionally, method discoveries are least likely
to emerge in medicine compared to physics (the reference group). And once again,
we see a more limited role of broad factors such as income per capita and population
size (Figure 4.7).

Finally, we turn to the gap in years between developing the enablingmethod or tool
andmaking the discovery using it. On average, the gap between the two is 14 years for
all nobel-prize discoveries. But what shapes this gap? To explore this, we use linear
regression to analyse the number of years between the new method and the discov-
ery (the dependent variable). We find that the strongest factors influencing this gap
are the specific discipline and time period in which the breakthrough occurred. Dis-
coveries in medicine and biology tend to have a gap of about 7 years longer than
those in physics (the reference group), while controlling for the same set of factors
earlier and time periods. Strikingly, astronomical discoveries show the shortest time
gaps, as we would expect: once new observational instruments are developed, they
more immediately enable discovering new phenomena, providing clear evidence of
the direct link between method and breakthrough. Other factors have little effect
or are not statistically significant in shaping the timing of discoveries (Appendix
Figure 4.2).

The overall trends are consistent across the regression models. We unfortunately
cannot explore psychological traits—like greater motivation and drive among some
discoverers—in influencing the timing of discoveries. We cannot easily collect these
traits simply because most discoverers have passed away. Yet we do highlight the
remarkable stories of what inspired the inventors of the top ten most used and pow-
erful tools in science (as we explore in the Boxes throughout the chapters and further
in Chapter 6).

Conclusion

We explored the features and traits of the researchers behind history’s biggest break-
throughs, enabling us to build a general profile of who science’s greatest discoverers
are and the basic environment they work in. These pioneering researchers have been
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evolving, shifting towards greater interdisciplinary education and method training,
and they are not as young as before, but still overall young. One background trait
stands out remarkably among the rest: about half of all discoveries are made by scien-
tists with at least two degrees in different fields. This underscores a critical insight.
Researchers trained across disciplines and methods are more likely to make new
method connections across fields, sparking breakthroughs at the intersection of fields.
Not only interdisciplinary but also early career researchers are central in the process.
We found that the golden age of innovation in science falls between 35 and 45—
with very few major breakthroughs occurring after 50 and almost none after 60. For
younger, more motivated researchers generally bring more recent training in cutting-
edge tools and fresh perspectives. Science, at its core, needs to reward those willing to
take risks and challenge the status quo. Strikingly, scientific progress is not confined to
elite institutions—with seven in ten discoverers not at top-tier universities. Ground-
breaking research can emerge anywhere, as long as researchers have the right tools
and the basic conditions (basic facilities and resources) and freedom to do research.

So what do we learn by exploring the background traits of discoverers? There
are critical opportunities here: we could achieve more breakthroughs if research
institutions and agencies better incentivise researchers to push beyond the common
trend of narrow specialisation. By fostering interdisciplinary innovation that blends
novel methods across fields, we open up entirely new ways to tackle problems and
spark innovative solutions. These unexpected solutions would not have been pos-
sible in a single discipline—from MRI and the gene-editing method CRISPR to AI
methods. It is crucial for us to break down the artificial boundaries between fields
to enable researchers to explore connections they could otherwise not make. To
unlock untapped areas of innovation, we need to remove disciplinary barriers to shar-
ing powerful tools across fields and prioritise developing new integrated tools. Also
providing incentives for underrepresented groups—including female researchers—is
important to ensure amore inclusive scientific community that taps into the full range
of human potential and fosters discovery.

Here we traced the evolution of science’s greatest discoverers and the scientific sys-
tem they do research in. We later dig deeper into how the tools these discoverers used
are commonly the central driver in powering our biggest breakthroughs (Chapter 6).
But before that, we explore in the next chapter how innovations in tools also trigger
new scientific fields—not just discoveries. By understanding the methods-and tools-
powered nature of science, and how we can accelerate it, we set the stage for more
strategic and rapid scientific progress.



5
The birth of fields

How new methods and tools launch new disciplines

Summary

Pioneering discoveries, such as the structure of DNA, the periodic table of ele-
ments and quantum theory, are embodied in our scientific fields, such as biology,
chemistry and physics. A discovery captures an immediate advance, while a field
captures our discoveries and methods—our ever-expanding body of knowledge
over time. Scientific progress unfolds—and is measured—in three fundamen-
tal ways: through new discoveries, methods and fields. But how do new fields
actually emerge? What is the key driver enabling them? Despite fields encom-
passing our immense scientific understanding, no comprehensive answer to this
fundamental puzzle yet exists. Here we systematically trace the origins of sci-
ence’s major fields including hundreds of fields spanning across science, offering
a unique opportunity to uncover what triggers new fields. Remarkably, we find
that fields are kick-started by a new method or tool—from advanced telescopes
to electrophoresis—as they enable a completely new perspective to the world and
without them, the fieldswould not be possible. About a quarter of fields are the new
method or tool themselves—from laser physics and computer science to x-ray crys-
tallography and econometrics—forming entire disciplines aroundnew techniques.
Our extraordinary development of new statistical techniques, x-ray devices,micro-
scopes and spectroscopes has fuelled a wave of new disciplines: each enabling over
ten new fields to emerge. The common link uniting these diverse fields is not spe-
cific theories, large teams, more funding or even serendipity—it is that each relied
on the same kind of powerful tool, used in remarkably different domains. The
speed at which science expands is not random. The pace of opening new research
domains is mainly determined by how quickly we create new tools: particle detec-
tors launched high-energy physics, microscopy techniques triggered neuroscience
and randomised controlled trials kick-started experimental economics. This sim-
ple yet powerful principle—if we begin to deliberately develop transformative
methods—holds the key to accelerating scientific progress and enabling us to spark
a tool revolution in science.

The Engine of Scientific Discovery. Alexander Krauss, Oxford University Press. © Oxford University Press (2026).
DOI: 10.1093/oso/9780197829790.003.0006
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Overview

Scientific fields embody our vast, ever-expanding scientific, medical and technologi-
cal advances andbodies of knowledge over time. But despite their tremendous impact,
we still do not understand how new fields emerge. This is a fascinating and critical
question because unravelling the mystery would enable us to explore entirely new
domains.

New fields can seem to arise from discoveries so groundbreaking that they cre-
ate a new scientific community and body of knowledge. When we look closer, some
new fields seem to emerge as a novel specialised branch of established disciplines,
like molecular biology and developmental psychology. Others seem to grow out of
the integration of two or more fields, like biophysics and cognitive science. Some
seem to arise as contrasting approaches within the same domain, like theoretical
and experimental physics and economics. Still others seem to develop due to shift-
ing societal or environmental forces, like telecommunications and climate science.
And these different paths can overlap. But what is the force enabling new fields in the
first place, which then reflect greater specialisation, integration, diverging approaches
and adapting to new external conditions? Given the diverse paths, can we iden-
tify a unifying explanation of how we give rise to all fields? If we could explain
and even help predict their emergence, we would not just be passive observers of
scientific growth—we could actively develop new research domains and speed up
advances.

The most common explanations for how fields emerge are through paradigm
shifts in theories,(15,16,73) new research programmes(182) or splitting or merging sci-
entific communities.(226) But do they actually explain how new fields come about?
A highly influential explanation, proposed by Thomas Kuhn, describes fields aris-
ing and evolving through fundamental changes in scientific theories—paradigm
shifts.(15,16,73) But many applied fields do not involve a theory. In fact, no new field
emerged even from the classic paradigm shift from the Ptolemaic earth-centred the-
ory to the Copernican sun-centred theory, or the shift from the theory of continental
drift to the theory of plate tectonics to explain large-scale geologic changes. Another
influential explanation proposes that major new research programmes lead to new
fields.(182) But many research communities—such as those studying new viruses,
astronomical objects and global warming mitigation—have expanded our knowl-
edge without spurring distinct new fields. Another influential explanation argues
that scientific communities split or merge through new collaboration networks that
can bring about new fields.(226) But these shifts follow after a new field arises as an
offshoot, rather than its driving force. Sociologists also offer explanations for how
social movements and conditions can influence the scientific landscape and some
disciplines.(227) Yet, each of the proposed explanations is in factmainly a consequence
of new fields rather than their cause—they generally follow rather than precede their
emergence.

While researchers have long sought to explain new fields, efforts have mainly cen-
tred on research outputs, such as new theories(15,73) and citation patterns,(3,4,14,23,24)
and aspects of fields like collaboration networks and productivity.(10,11,21–23) But are
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these really the most relevant metrics to focus on? In a thought-provoking article
published in Science, researchers challenge this conventional approach: ‘Citations,
publication counts, career movements, scholarly prizes, and other generic measures
are crude quantities at best … and their ability to predict the emergence of a new field
or the possibility of a major discovery may be low’.(3,4,14,21–23,39,40,61) Yet explaining
and better predicting new fields is a key goal of the science of science.(3,4,14) So if these
standardmetrics fall short in capturing the birth of newdisciplines, what does capture
them?

Achieving this goal requires us to dig deeper and take a completely new approach.
Here we shift our attention from commonly exploring outputs (especially article cita-
tions and theories) to investigating the inputs—especially newmethods and tools that
enable entirely new perspectives to studying the world. The idea that we can study the
drivers of new fields to identify successful ways of advancing science, but that scien-
tific fields have not yet been systematically analysed and linked to their underlying
methods and tools, may seem ambitious. By tracing the origins of science’s major
fields including hundreds of different fields and the innovations in tools that enabled
them, we show that this alternative approach is not only attainable—it may be the
best strategy we have to understand how we develop new fields and how we can do so
faster. We also explore the broader conditions behind the scientists kick-starting the
fields.

What do we find? A striking pattern emerges: about one hundred new methods
and tools that won a Nobel prize have opened new fields, such as x-ray crystal-
lography, electron microscopy, quantum computing, mass spectrometry, climate
modelling, laser spectroscopy, phase-contrast microscopy and econometrics. Each of
these is a powerful new method or tool, each earned a Nobel and each is the foun-
dation of the new field it triggered—fundamentally reshaping the way we explore the
world.

Take the electron microscope, our prime example of a key instrument lever-
aged in multiple fields. Developed in 1933, this pioneering instrument does not just
vastly magnify objects, it helped unlock an entirely new domain of biology: mod-
ern cell biology. By uncovering the intricate architecture of cells, it allows scientists
to link cellular structure with function. It has transformed how we understand the
causes of disease and enabled developing targeted therapies, paving the way for
advances in regenerative medicine. The maser, invented in 1954 as the precursor to
the laser, laid the foundation for new fields: laser spectroscopy and quantum elec-
tronics. It enables us to probe the dynamic behaviour of chemical reactions and
the structure of molecules at an unprecedented level of precision. X-ray crystallog-
raphy methods, created in 1913, gave birth to molecular biology. By unravelling
the molecular structure of DNA and proteins, it reshaped our understanding of life
itself—and remains a cornerstone for life-saving research in drug design and disease
treatment.(95)

Exploring the birth of fields, we uncover a common pattern across them: whenever
a scientific community undergoes amajor change in theway it understands theworld,
it is preceded by a major methodological change in the way we study, measure and
theorise about the world that was not possible before.
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Measuring and tracking the birth of scientific fields

To understand how fields emerge, we need to trace their origins and the pioneering
scientists who sparked them. Here we analyse science’s major fields including hun-
dreds of fields spanning the physical, life and social sciences—fromphysics, chemistry
and biology to psychology, economics, anthropology and computer science. Those
less interested in the details of how we collected the data can skip this paragraph. We
verified that all fields return at least 25 results on Google Scholar by searching ‘field
of x’ (such as ‘field of chemistry’ or ‘field of genetics’), with most generating hundreds
or even thousands of results. To ensure all fields are recognised fields, we took sev-
eral steps. First, we included all fields that emerged directly fromnobel-prize-winning
research in science—fields recognised in the prize motivation or opened by scientists
who earned the prize.(95) These make up 257 fields.

Next, to broaden the scope, we also included all fields since 1500 pioneered by sci-
entists featured in the seven science textbooks listing theworld’s 100 greatest scientists
across science.(96–102) These make up 116 other fields. This adds up to 373 fields and
we then verified that the scientists who opened the fields are described in scientific
publications as the ‘founder’, ‘father’ or ‘mother’ of the discipline. Finally, we focus on
fields established at universities, confirming that a total of 213 of the 373 fields—such
as cognitive science, astrophysics andmicrobiology—exist as departments, institutes,
centres or schools within universities. Each discipline is defined as a separate field or
subfield—for example, the emergence of modern physics, then particle physics and
later laser physics. (For emerging and smaller fields, additional analyses are available
in the Online Appendix.)

So what defines a scientific field? A field is commonly characterised by shared
research topics, methods and tools, a scientific community and at times theoretical
models.(228) When a field emerged is established by the first article that kick-started
its development—starting a growing research community and body of knowledge.
The first publication that triggered each field is the main source for compiling the
data; it includes the central method or tool applied in that publication, is commonly
highlighted by the authors and made the field possible—and also includes the year
they were published.

The origins of new fields: the power of new methods and tools

To begin, we examine the emergence of fields since 1500, tracing the year a new
method or tool was created by the year the field arose applying it—unlocking an
entirely new way to explore the world. Each groundbreaking new method or tool
appears as a vertical line (│) and each field that emerged using it appears as a dot
(●)—seen in Figure 5.1. Think of for example the development of femtosecond
(ultrafast) spectroscopy in 1985 (shown as a vertical line │) that led the Egyptian
Ahmed Zewail to open the field of femtochemistry in 1988 (shown as a dot●). This
pioneering instrument enables us to much better understand chemical reactions on
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very short timescales—mere quadrillionths of a second—using lasers. Suddenly, we
could witness molecules in motion, reshaping our understanding of fundamental
chemistry. Think of the invention of themicroscope with the silver staining technique
in 1873 that made it possible for the Italian Camillo Golgi and Spaniard Santiago
Ramón y Cajal to launch the field of neuroscience that same year. This trailblaz-
ing technique revealed the first images of our nerve cells and enabled understanding
the structure of our nervous system. It opened a new era in studying the intricate
architecture of the brain and how we think, feel and remember.

Think of the creation of a new 270-power microscope in 1673—capable of observ-
ing objects just one-millionth of a meter in length—that enabled the Dutch Antonie
van Leeuwenhoek to give birth to the field of microbiology in 1674. For the first time
in history, we could study the invisible world of bacteria and it even redefined what it
means to be human. History reveals a key insight: new microscopy techniques—like
new spectroscopes and controlled experimental methods—are representative of how
new fields are born after inventing the right tools; and without them, they would not
have been possible.

We uncover a strong and direct link between new tools and the birth of new fields:
examining the publications that kick-started science’s new fields shows that each new
field—one that studies and measures an unexplored part of the world—consistently
begins by adopting a groundbreaking new method that enables studying and mea-
suring the world in a new way. New method innovations precede the disciplines they
trigger—with new meaning we use it for the first time ever for a specific problem.

Some tools spark new fields almost instantly, while others lie dormant for decades
before scientists pick up on the tool’s potential. This relationship is mapped out here,
where the length of each horizontal line reflects the time between themethod’s inven-
tion and the field it enabled (Figure 5.1). Two striking trends emerge: the lag between
the two is shrinking, and the rise of new fields and bodies of knowledge is not slowing
down (Appendix Figure 5.1).

We uncover a very strong pattern here. The top ten methods and tools most used
in nobel-prize discoveries have been so powerful that they each kick-started not
one but five or more fields—in ways their inventors never anticipated: new statis-
tical and mathematical methods gave rise to fields such as experimental economics
and empirical finance. Spectrometers launched fields such as molecular spectroscopy
and exoplanetary science. Electron microscopes triggered fields such as modern
cell biology and electron microscopy. X-ray methods gave birth to fields such as
molecular biology and x-ray crystallography. Chromatography enabled fields such as
organocatalysis and signal transduction. Centrifuges kick-started fields such as enzy-
mology and centrifugation. Electrophoresis enabled fields such as DNA sequencing
and proteomics. Lasers sparked fields such as laser physics and laser spectroscopy.
And particle accelerators and detectors paved the way for fields such as high-energy
physics and solid-state physics. Beyond these top ten tools, others—such as geiger-
müller counters and game theorymethods—have also given birth to at least five fields.
These powerful, general-purpose tools explain most scientific progress because they
each enable us to access a part of the world otherwise out of our scope. A power-
ful insight emerges from the fact that each of these tools kick-started multiple fields:
what links these diverse fields is not a particular theory, research team, more funding or
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Figure 5.1 New scientific fields emerge through new central methods and tools we create
The data reflect 213 established fields developed since 1500 and the methods and tools that enabled
them—with four examples illustrated. A new tool at times triggers multiple fields, appearing as multiple dots
on the same horizontal line. We find that the year we create methods is closely correlated with the year the
resulting fields emerge—94% of the variation.

even serendipity—it is that each relied on the same powerful tool, used in remarkably
different domains.

What makes this connection astonishing is that none of these tools were specifi-
cally developed to open these fields, yet they still consistently sparked multiple fields
across different disciplinary domains. Through quasi-experimental reasoning, we see
that the new tools were not intentionally designed to create the new fields, but still
did with their transformative power. The fact that entirely new domains of research
emerged from tools designed for other purposes highlights a fundamental insight
about scientific progress: new fields commonly come from the unexpected power of
new tools. Without them, the new fields would not be possible. This unforeseen link
between the two is key to understanding how science unfolds. Establishing that the
new method (the independent variable) originally had no direct connection to the
new field it ultimately enabled (the outcome) helps us isolate this causal link. And
it reduces other explanations—such as funding, teams and institutions as the key
triggers—as the necessary tools were already invented.

So if we focus on outcomes in studying how fields emerge—like major new
paradigm shifts in theories, research programmes, splitting ormerging scientific com-
munities, or even accumulated citations—we fall short in explaining the birth of
disciplines. For these outcomes generally only arise at or after their emergence. But
new tools, in contrast, can in fact explain and help predict new fields because they
must arise before their emergence and be applied to kick-start them. This gives us a dif-
ferent way to think about this relationship: we need to track both the baseline (when
tools are born) and the endline (when fields are born). Think of how randomised
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Figure 5.2 New central methods and tools kick-start new scientific fields (illustrated with nobel-prize-winning methods)
*The first spectrograph, developed in 1859, is the only tool included that did not receive a Nobel prize, but was used to open the field of mass spectrometry.
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controlled trials designed in 1948 for clinical medicine (133) foreshadowed the even-
tual (or inevitable) rise of experimental economics. This new branch of economics
took shape when Vernon Smith adopted the transformative experimental method in
economics in 1962 with his paper An experimental study of competitive market behav-
ior.(229) With the creation of modern statistics and biostatistics in 1925,(137) we could
predict that the field of econometrics (statistical analysis in economics) would even-
tually develop—which took off in 1933 (Box 5.1).(230) With the invention of the digital
electronic computer in the 1940s and 1950s, we could predict that computer science
would eventually arise—which did in the 1950s.

The first particle detector that visualised particle tracks, built in 1911, gave birth to
high-energy physics. The groundbreaking 1911 paper On a method of making visible
the paths of ionising particles through a gas was published in the Proceedings of the
Royal Society. The field then rapidly expanded with the creation of more advanced
detectors, and also particle accelerators since 1929. These enable us to understand the
nature of the particles that make up the very building blocks of matter and our physi-
cal world. CreatingNMRspectroscopy in 1946 launched the fields ofMRI andprotein
NMR spectroscopy. This helps us decode the structure and dynamics of proteins and
develop life-saving medical drugs (see Figure 5.2).(95)

An improved cathode-ray oscillograph, invented in 1922, marked the birth of
neurophysiology, helping unravel how our nervous system functions and diagnose
and treat neurological diseases. Game theory methods, first conceived in 1928 and
expanded in 1950 with Nash equilibrium, reshaped economics by giving rise to infor-
mation economics—a field that explains how information impacts our decisions and
economy. The transistor, a tiny semiconductor device built in 1947, made the field
of microelectronics possible, bringing about mobile phones and personal comput-
ers and laying a key foundation of modern society. It was created at Bell Labs by
John Bardeen and Walter Brattain and later refined by William Shockley. At the time,
they had no idea that the transistor would forever change the world and kick-start
what has become a massive field that shapes our everyday lives through the tech-
nologies we use. They set off a technological transformation that has changed the
way we communicate, work and live.(95) Each of these groundbreaking tools earned
a Nobel prize. Without innovating new methods, these new research domains—and
the world-changing technologies they enabled—would not have been possible.

Box 5.1 How Ronald Fisher developedmodern statistics—enabling
powerful analysis across science and opening new fields

We now zoom in on statistical methods—one of the ten central methods and
tools most used to make nobel-prize discoveries and trigger new fields—before
zooming back out to the broad patterns across science. Statistics transforms how
we study the world by allowing us to collect and analyse vast amounts of data
and run large experiments on almost any phenomenon—from tracking diseases
in populations and decoding cellular processes to mapping astronomical bodies,
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modelling complex economies and even uncovering what shapes discoveries and
fields. The foundation of modern statistics developed in stages around the early
20th century, culminating in 1925 with the now classic book Statistical methods
for research workers.(137) This groundbreaking book, written by the London-born
Ronald Fisher at the age of 35, marked the first full-length book on statistical
methods, playing a pivotal role in establishing and spreading modern statistics.

Fisher’s path to transforming statistics was anything but conventional. After
earning a bachelor’s degree in astronomy and teaching several years in public
schools, he received an offer in 1919 to work with the renowned statistician
Karl Pearson. But due to a long-standing feud between the two, Fisher declined
and instead joined Rothamsted, an agricultural research institution.(231) Here he
ran plant-breeding experiments using and refining statistical techniques. This
hands-on research environment provided the inspiration for his 1925 book that
offered solutions to many real-world problems his colleagues faced with handling
data.(232) In his book, Fisher writes: ‘Daily contact with statistical problems as they
presented themselves to laboratory workers stimulated the purely mathematical
researches upon which the newmethods were based’.(137) And after Peason retired
in 1933, Fisher took over his position as chair at University College London.(231)

In this landmark book, Fisher developed some of today’s most widely used sta-
tistical methods across nearly all fields. Among his most influential contributions,
he created the analysis of variance (ANOVA) technique that enables us to assess
the average differences among sub-groups or experimental conditions within a
study. Whether comparing the effects of different medical treatments, agricultural
practices or economic policies, ANOVA became an essential tool for detecting
meaningful patterns in data. Fisher also redefined how we determine statistical
significance by popularising the p-value, or probability value. He proposed using
a 1 in 20 probability threshold as a standard to evaluate whether a result arose
by chance in an experiment. He wrote: ‘The value for which P = .05, or 1 in 20
[chance] … it is convenient to take this point as a limit in judging whether a devi-
ation is to be considered significant or not’.(137) This threshold remains widely
used in scientific research, though debates continue over whether 0.05 is an opti-
mal cutoff (Picture 5.1). Fisher also pioneered using the important technique of
randomisation in experiments—a technique to reduce bias by selecting samples
randomly rather than arbitrarily. He applied the principle first in his agricultural
experiments.(232) Remarkably, he developed these pioneering methods through
his everyday work and using little more than a calculator, without a team or
additional resources.

His statistical breakthroughs transformed fields like agriculture and biology and
paved the way for others, like medical statistics, econometrics and complexity
science—demonstrating how powerful new methods can ripple across disciplines
in ways its creator never anticipated. He also played an essential role in founding
population genetics and shaping the modern evolutionary synthesis—merging
Darwin andWallace’s theory of evolution withMendel’s heredity. Fisher is seen as
the father of modern statistics and even as ‘the greatest of Darwin’s successors’.(233)
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For his contributions, hewas knighted in 1952.(232) Yet he remains one of the great-
est unsung heroes of science:most scientists have likely never heard of Fisher, even
thoughnearly all scientists have applied hismethods.Hiswork also set the stage for
randomised controlled trials, a method pioneered by Bradford Hill. The method
is one of themost important statistical innovations in fields like public health, eco-
nomics and psychology—essential for testing the effectiveness ofmedicine we take
and policies we adopt.(234) Fisher did not just refine statistics, he redefined howwe
think about and understand the world.

p = 0.05

z = 1.96
–3 –2 –1 0 1 3

Picture 5.1

The most powerful tools we leverage to drive new fields across
disciplinary areas

What are the most transformative tools across different disciplinary areas? New
research domains cluster around key methods that trigger them. The methods and
tools that acted as catalysts in opening most fields within physics-related disciplines
are new mathematical techniques, lasers, spectroscopes and cathode-ray oscillo-
graphs. Within chemistry-related fields, these groundbreaking methods and tools are
new spectroscopic methods, x-ray methods and mathematical techniques. Within
medicine- and biology-related fields, these are new optical microscopes and other
vision-enhancing tools like x-ray devices, spectroscopes and electron microscopes.
Within economics- and social science-related fields, these are new statistical meth-
ods and economic modelling methods (as mapped out in Figure 5.3). In biology for
example, without the microscope—our classic instrument—several fields could not
have emerged, from microanatomy that studies the structure of tissues and organs, to
bacteriology that investigates bacteria and their links to disease. The historical pattern
is striking: before we change the way we explore and view the world, we first change
the tools we design to study the world. Because we can observe these changes in the
rise of new disciplinary branches before and after the invention of the key tools, new
disciplines do not emerge randomly (Appendix Figure 5.2).
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Figure 5.3 Mapping the central methods and tools that open new fields—a network analysis
The data reflect the central methods and tools we used in kick-starting established fields since
1600—reflecting 18, 16, 15 and 13 fields ( from the top, left to right). Each method or tool was applied in
developing at least three fields within any disciplinary areas.

Take the fascinating field of exoplanetary science. It launched in 1995 with the
groundbreaking study published in Nature—A Jupiter-mass companion to a solar-
type star. The field was made possible by a new echelle spectrograph, invented in
1993. New tools expose entirely new realms of exploration, they are indispensable
for shedding new light on the known and revealing the unknown. It is those who
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conceive and refine these tools who amplify our research scope and fields by tackling
the bottlenecks of our methods and mind.

But new tools do not just give birth to fields; for over a quarter of them, they are
the defining feature of the discipline itself—and not what we study using it. Fields like
electron microscopy (1933), x-ray crystallography (1913), mass spectrometry (1919)
and neutron spectroscopy (1955) emerged with the tool’s invention. Such method-
ological fields are often inherently interdisciplinary as we leverage these tools across
the broad domains of chemistry, biology, medicine and physics—with each tool earn-
ing a Nobel prize. Reinvention and fusion are also important: dozens of fields have
emerged when we merge cutting-edge tools from different domains together, like
computational chemistry, quantum interferometry and statistical mechanics.

Most major method discoveries—supported at times
by interdisciplinary work—establish new fields

While new fields are consistently driven by method innovations, not every method
innovation fuels a new field. This raises a crucial question: why do some major
method discoveries establish new fields while others do not? To answer this, we
first examine the extent to which major method discoveries (all nobel-prize-winning
and major non-nobel method discoveries) trigger new fields. An extraordinary pat-
tern emerges: these major new methods and tools reflect about one in four major
discoveries in science, but among them, a remarkable 82% opened a new field. These
include field-triggering tools like laser cooling launched in 1985 by Steven Chu at
Bell Labs; DNA amplification pioneered in 1985 by Kary Mullis at Cetus Corpora-
tion; and neutron spectroscopy created in 1955 by BertramBrockhouse at the Atomic
Energy of Canada. This striking finding—that major method discoveries are much
more likely to lead to new fields than not—holds true across time and disciplinary
areas (Appendix Figure 5.4). But can broader demographics, institutions and geo-
graphic location support new fields arising? To test this, we compare a control group
of major method discoveries that did not establish new fields with those that did.
This enables us to examine the differences, between the two groups, in factors that
can support disciplines arising.

Among method discoverers, a striking 65% of those who have triggered new fields
have worked interdisciplinarily, while this figure drops to just 39% for those who
have not sparked a field (Figure 5.4a). But it is not just about combining two sci-
entific communities through new collaboration networks;(226) rather, new fields are
more likely to emerge when we fuse methods across disciplines—either integrating
methodological approaches from different domains or applying methods in
completely new domains.

Other factors, like discoverers’ level of education, gender and age, show little to
no difference between establishing new fields and not establishing them. These fac-
tors seem less important behind fields emerging. Method discoverers who launched
new fields were more likely to work at a top 50 university and be based in North
America, but these factors are not statistically significant when controlling for the
range of demographic factors.
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Figure 5.4 Major method discoveries leading to new established fields compared to those
that did not, by features at the time the discovery/field emerged
The data reflect a total of 85 major method discoveries since 1500, with 62 leading to established fields and
23 not leading to a new field (Figure a). And the data represent a total of 67 nobel-prize-winning method
discoveries, with 48 and 19 discoveries in the two groups (Figure b).

So we next explore what predicts whether major method discoveries establish new
fields or do not. To do this, we use logistic regression to analyse the demographics,
institutions and geographic location of these discoverers (as independent variables).
A method discoverer working interdisciplinarily is the only significant predictor of
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a new field emerging, while controlling for these other factors—and considering the
small sample of less than a hundredmajormethod discoveries (Appendix Figure 5.3).
In other words, when we step beyond the boundaries of our own field and blend
methods, we increase the odds of breaking new ground and domains.

Box 5.2 How Archer Martin and Richard Synge developed
simple chromatography methods that transformed chemistry
and kick-started new fields within chemistry and biology

In chemistry, the first step is to isolate a substance from natural materials like
plants or animals. The next step is to identify the substance and determine its
composition. To achieve this, the Russian Mikhail Tsvet pioneered the method of
chromatography in 1906, yet it was not until the Austrian Richard Kuhn refined
the method in 1931 that it began spreading through the scientific community.(235)
Kuhn, who received his PhD in chemistry at just 22, used chromatography to dis-
cover a new type of carotene (a vital component of vitamin A) and provide new
insights into vitamins B2 and B6—research that earned him the Nobel prize. At
this time, Archer Martin was studying biochemistry at Cambridge.(49) In 1938,
Martin beganworking atWool Industries ResearchAssociation andRichard Synge
joined as a research student the following year. The two British biochemists soon
began working together on wool felt and its amino acid composition.

Synge’s studentship received funds from the wool industry thanks to Hedley
Marston, who advised him to study the amino acid makeup of wool and to start
by improving the methods for analysing amino acids: ‘If you work steadily at that
for five years, you will revolutionize the whole of protein chemistry’.(236) This
challenge was a source of inspiration for developing a new method, along with
a technique he came across in a key study. He described this technique as ‘coun-
tercurrent fractional extraction [and] until then it had not occurred to me that
an extraction column could be used to separate two substances of rather simi-
lar partition coefficient’.(49) His realisation underscores a crucial lesson: scientific
progress often hinges on being aware of available methods to tap their potential.
Synge did not need five years—he achieved his goal in just three. In 1941, he com-
pleted his PhD and published the landmark study with Martin on the powerful
new method of partition chromatography, paving the way for the explosive surge
of chromatography that transformed chemical analysis.(237)

Creating partition (paper) chromatography—with Synge at just 27 and Martin
at 31—earned them the Nobel.(49) The method is straightforward: substances—
like amino acids—are separated in a mixture to establish what they are made of.
The process itself is surprisingly simple: a single drop of the chemical substance is
placed on a strip of paper. The paper is then soaked in a solvent (like chloroform
or alcohol) and the different components begin to spread out, forming distinct
coloured marks that reveal the mixture’s components. That is it. This simple
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method requires just water, filter paper and a solvent—all very cheap lab sup-
plies (Picture 5.2).(237) AsMartin himself remarked in his Nobel speech: ‘All of the
ideas are simple and had peoples’ minds been directed that way themethod would
have flourished perhaps a century earlier’.(49) Any chemist can use themethod—no
expensive equipment or research teams required. The powerfulmethod enables us
to separate proteins, amino acids, carbohydrates and sugars. It has led tomany new
medical treatments and biological advances that have benefited our lives, laying
also the foundation for new fields like bioenergetics and signal transduction.(235)

Picture 5.2 Paper chromatography method. Reproduced from
light the minds.

Before closing, think ofmajor fields that have stagnated and those that have recently
grown rapidly. Now think of how tool development relates to these differences. It is
applied fields across science—like experimental physics, economics and biology—
that are largely thriving. In contrast, theoretical fields—like theoretical physics,
economics and biology—have largely stagnated, at times locked in long-standing
debates (Chapter 10). Applied research thrives because of new, frontier-opening tools,
methods and data they produce. Think of the James Webb space telescope explor-
ing the early universe, the LIGO interferometer detecting gravitational waves, and
sequencing and high-throughput tools decoding the entire human genome.

Canmethod innovation explain this vast divide? Indeed, themain driver of a field’s
growth or stagnation is commonly the power and novelty of its tools and meth-
ods. The fields that expand most rapidly commonly apply the most powerful new
tools—think of the field of AI that is driven by new machine learning methods, to
genomics powered by DNA sequencing methods, and genetic engineering driven by
the CRISPR gene-editing method. So when do fields actually grow fastest? We find
here four pathways: one, through suchmethod inventions that allow asking questions
not possible before. Two, through upgrading—or three, integrating—computational,
statistical and experimental tools that enable researchers to analyse such previously
intractable problems with massive, complex data. Four, through cross-disciplinary
borrowing that can involve fields also combining tools—like neuroscience merging
tools from biology, computing and cognitive science, and behavioural economics
mixing methods from psychology and economics. And when do fields stagnate? Not
because we run out of ideas or papers, but because we run out of ways to explore,
test and generate new findings—using new methods. The key insight is simple: fields
that begin treating tool-building and method-design as central—not auxiliary—will
be the ones generally unlocking the new frontiers of research.
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Conclusion

Scientists like Galileo, Newton, Mendeleev, Hooke and Mendel were pioneers in
testing new methods and evidence. Yet they could not foresee whether and how
their individual contributions would fit the construction of an immense system of
knowledge. What they were contributing—eventually leading to the fields of physics,
chemistry and biology—became clearer over the centuries. Today, we have a far
clearer view of the evolving edifice of science and its ever-expanding structure and
complexity. While we are not fully aware of the immensity of what is beyond our
planet, we have amassed vast bodies of complex knowledge, from laser physics and
genetics to climate science and AI, that were incomprehensible just a few genera-
tions ago. A key goal of the science of science is to understand how these bodies
of knowledge grow—from the 17th century to the cutting-edge developments of
today.

Because each publication that opened a new field used a new tool—and the study,
including often experiments, could only be conducted with that tool—we find that
new fields consistently emerge through new tools. Because they enable novel insights
and testing those insights that would not have been possible before. Through the new
tools we design, we can trace what new fields fundamentally rely on: newmicroscopes
leading to microbiology, computers launching computer science and radio telescopes
giving rise to radio astronomy. For these necessary tools allow us to observe what is
otherwise too small, too vast, too fast, too far beyond ourmind’s capacities to imagine.
The history of science is ultimately a history of expanding our human senses—crafting
new ways to detect, measure and understand our world that open new domains of
knowledge. Here we identify the fundamental principle that fields share in common:
we consistently kick-start new fields through newly invented methods and instru-
ments that reflect a newway to perceive the world not previously feasible (Figure 5.1).
Yet nearly all scientists commonly just use conventional methods they are trained in
to study a problem.

We also uncovered that most major method discoveries do not just launch a new
field but oftenmultiple new fields. Science’smost powerful tools are rarely confined to
their discipline of origin; instead,most spill over into other disciplinary areas to unex-
pectedly trigger newfields that their inventors never anticipated. This underscores the
causal link of new fields driven by new tools that would not have been possible with-
out them. This new methods-to-fields principle holds across history and disciplinary
areas and helps redefine the predictability of new fields emerging after and where we
make new method advances. Unlike traditional explanations—including paradigm
shifts in theories, evolving research programmes or splitting or merging scientific
communities—this principle does not focus on just outputs but on what precedes
and causes new fields in the first place. Beyond new tools, there are supporting factors
that can help influence when a field emerges—like funding,(6–8) collaborations,(9–11)
and developments in other fields—but they cannot directly start a field on
their own.

This tool-driven principle highlights the need for us to redirect much greater atten-
tion to upgrading our toolbox. By prioritising the development of new methods and
technologies, we can create an environment for accelerating new breakthroughs and
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fields. Ultimately, the origin of amajor breakthrough is the central event, andwhether
the breakthrough takes place in an established field or creates a new field is often less
important.

Expanding our tools is where the frontier of research lies, yet we do not give enough
attention to this frontier research. A guiding principle for researchers seeking to break
new ground is: when we hit upon an interesting problem facing a method or tool we
are using or come across an idea of how to tackle that problem, we should drop every-
thing and pursue it—because history shows that this is generally how new scientific
advances and fields are born. Themost promising thing to hear in science is often not
just ‘I have a new idea’ but rather ‘I have a new method that I can apply’. In the final
chapter, we sketch out the constraints to our best tools—the bottlenecks that, if we
overcome, would vastly advance science.

Shifting our research focus to this powerful principle of tool innovation would
speed up how we spur new advances and the pace at which we can enter unmapped
terrain at the borders of science. Such a shift would mark a tool revolution in sci-
ence itself. But this raises key questions: if we become better at developing new
methods, could we better anticipate and predict tomorrow’s new scientific advances
and domains? If we learn to recognise the signs of methodological bottlenecks and
methodological leaps before their impact unfolds, could we actively create and shape
the future of science? And crucially, what concrete steps do we need to take to design
our next big methods and tools? We tackle these key questions in the next and
foundational chapter. But one thing is clear: tomorrow’s great scientists—those best
equipped to tackle society’s pressing challenges—are generally those who are best at
developing new tools or who take advantage of the new tools.
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The discovery engine

How we invent the powerful methods and tools of
discovery—and a new field: The Methodology of Science

Summary

The first step to understanding scientific progress is uncovering that new meth-
ods and tools consistently spark new discoveries and fields. The second step is
now tackling the essential question: how do we actually develop our best tools
of discovery? To answer this, we begin by tracing the extraordinary stories behind
the top ten most influential toolmakers—from Ernest Lawrence’s particle acceler-
ator to Theodor Svedberg’s centrifuge. Yet remarkably, no theory explaining how
we make major innovations in tools across fields exists. Even for the first step,
where researchers have proposed factors that can support breakthroughs, we still
have no general theory of scientific discoveries. Here we introduce a general the-
ory of science—the new methods-driven discovery theory—that explains how we
trigger science’s new discoveries and fields by creating new methods and tools.
These are placed at the centre of understanding scientific progress. The evidence
here challenges conventional belief: we find that hundreds of major discover-
ies have emerged without additional funding or larger teams, but by leveraging
recently invented tools that provide the completely new perspective. We illustrate
that—without effective tools to detect or measure—more funding and collabora-
tions are not enough, our scientific theories cannot be meaningfully developed or
tested, and unexpected or serendipitous observations cannot be made. New tools
are commonly the most central factor because they directly trigger new break-
throughs and enable otherwise entirely unattainable insights. So what if we no
longer wait for new discovery tools to emerge by chance but begin deliberately pri-
oritising their development?Howmany big breakthroughs are wemissing because
we have not yet strategically focused on designing the needed tools? In this founda-
tional chapter, wemap out the crucial pathways to create new tools—the discovery
engine. We introduce a taxonomy of scientific methods and the idea of setting up
methods labs and hubs—as incubators of innovation—that catalyse tool creation.
This theory and these pathways can provide a foundation for a new field tar-
geted to developingmethods that can accelerate new advances: theMethodology of
Science.

The Engine of Scientific Discovery. Alexander Krauss, Oxford University Press. © Oxford University Press (2026).
DOI: 10.1093/oso/9780197829790.003.0007
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Overview

‘The important thing in science is not so much to obtain new facts as to discover new
ways of thinking about them’, the physicist Lawrence Bragg said anecdotally. The nov-
elist Marcel Proust noted that ‘The real voyage of discovery consists not in seeking
new landscapes, but in having new eyes’. And the biochemist Albert Szent-Gyorgyi
mentioned that ‘Discovery consists of seeing what everybody has seen and think-
ing what nobody has thought’. Yet Bragg’s nobel-winning discovery of the structure
of crystals in 1913 was only possible by developing a new x-ray spectrometer the
previous year.(125) Szent-Gyorgyi’s nobel-winning discovery of isolating vitamin C
in 1932 was made possible by applying recently created assay techniques and the
ultracentrifuge. Here we move from personal anecdotes about an individual discov-
ery to systematically analysing the greatest discoveries across science. This broader
lens enables us to draw a broader insight: Major discoveries consist of creating new
tools that see and measure the world in ways that nobody has before.

By constructing microscopes and telescopes, we have uncovered a world of
microorganisms in our intestines, nanoparticles andmolecules, and have peered into
the depths of the universe to rewrite our understanding of its origins. By creating
advanced statistics and high-speed computers, we have reduced the limits of human
cognition, allowing us to process vast data about basically any phenomenon in science
and reveal previously hidden relationships. A general principle of discovery emerges
across science: every scientific breakthrough is, at its core, a breakthrough in how we
observe, measure and understand the world using a new method. New tools are key
to unlocking the mysteries of life and the universe by fundamentally reshaping our
perception. But despite their impact and completely transforming our world, we still
have not yet answered crucial questions: how do we actually develop these powerful
tools of discovery?How canwe upgrade them faster? And how canwe better use them
to their fullest potential?

Extending our scientific toolbox is about tackling the very constraints of our mind,
senses and current methods to perceiving the world—opening realms of knowledge
otherwise hidden from view. Our scientific methods and tools not only reduce human
constraints, errors and biases but also chance and luck in how we make sense of the
world (Chapters 1–2). They are what enable us to experiment, measure and con-
trol our environment, human biology and the world around us in ways that we
never imagined. Without them, discoveries—whether the invisible forces of quan-
tum mechanics to the neural circuits that give rise to human thought—would remain
out of reach. This is why the best researchers at sparking new advances are generally
those who are best at recognising and seizing the power of new tools. In fact, about
half of science’s major discoveries are triggered by researchers who develop a novel
method themselves, while the other half rely on cutting-edge methods pioneered by
others (Figure 1.4b).

Why is it so crucial for researchers to be aware of the methodological limits, chal-
lenges and opportunities of their research? Because these researchers are better able
to push these limits, tackle these challenges and take advantage of these opportuni-
ties. They are better able to design, experiment with and leverage new tools that often
redefine what is possible in science.
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In this foundational chapter, we cover a lot of ground and provide many of the
central explanations in the book. We reveal how the leading, extraordinary tools
of discovery were developed. We then examine how these powerful tools stack up
against supporting factors like funding and larger teams—and often make science’s
major theories andmuch of scientific imagination possible in the first place. This sets
the stage for introducing the new methods-driven discovery theory. From this per-
spective, we map out a taxonomy of discovery tools—and we propose the creation
of global methods labs and hubs for catalysing tool innovation. We then lay out the
practical steps we can take to design and innovate tools—whether within such labs
or through individuals. The opportunities are huge, and understanding this process
is key to accelerating scientific progress. What emerges is a foundation—grounded in
evidence and theory—for a new fieldwe introduce here: theMethodology of Science—
a field that fundamentally shifts the focus from what we discover to how we discover
and how we can discover faster. Together, the insights offer a roadmap for speeding
up progress.

With new tools driving groundbreaking discoveries, what then drives
how we develop our remarkable tools of discovery?

Establishing new methods and tools as the engine of science and discovery
(Chapters 1–5) leads us to the next and equally important question of what the engine
of new methods and tools is. But researchers studying scientific methods focus on a
specific method—like statistical techniques or microscopy.(137,238) (Or philosophers
investigate scientificmethodology abstractly froma conceptual perspective, exploring
principles like falsifiability of theories or the classic scientific method of hypothesis
testing).(180,204,239) Yet remarkably, there are no systematic studies, applied or theo-
retical, that explain how science’s diverse newmethods and tools—from cutting-edge
telescopes to supercomputers—emerge across fields and how we can speed up their
development.

Here we tackle this key question from different perspectives and angles. We begin
by examining the ten centralmethods and instrumentsmost used to spark discoveries
and the inventors behind them—our great method-makers of science. These innova-
tors, from Ernst Ruska’s electron microscope to Max von Laue’s x-ray diffraction, did
not just solve pressing method challenges—they reshaped the future of discovery.
Each of the top ten transformative tools and methods triggered multiple nobel-prize
discoveries across fields, far beyond their original domains. But what drove these
researchers to shift gears from traditional scientific research within their fields to
creating these new method innovations—to developing entirely new ways of doing
scientific research?What compelled them to rethink themethods they used to explore
the world and how can we rethink the methods we use? By tracing their career paths
and the key turning points in their work, we uncover six key factors behind science’s
greatest tool breakthroughs.

One, we find that the pioneering inventors of the top ten general tools of discov-
ery generally ran into methodological limits and were then motivated by the need to
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create a new tool by pragmatically overcoming a constraint to an existing tool. Working
within conventional scientific fields, they encountered barriers that hindered them
in studying key phenomena using available tools. So they turned the problem around
and set out to fill thesemethod gaps—with for example DNA analysis being very slow
and inefficient until KaryMullis developed a simple way to rapidly amplify DNA that
ultimately transformed genetics: the PCR method.

Two, these researchers each shifted their research focus from addressing scientific
questions to tackling method and tool questions. They studied and worked in estab-
lished fields like physics and chemistry; but transitioned from traditional science to
an unconventional pursuit of extending our tools to explore the world in new ways—
with for example Theodor Svedberg studying macromolecules and colloids but then
turning to how to measure their properties more accurately that led to inventing the
ultracentrifuge.

Three, they took a very practical experimental approach, not simply theorising
about the limitations but tackling specific shortcomings of our tools that held back
progress—with for example Ernst Ruska refining electron lenses, step by step, until
he had a working electron microscope with vastly improved resolution like nothing
before.

Four, these innovators commonly produced the new tool at low or modest costs
and not in large research teams. Motivated, resourceful researchers can make foun-
dational breakthroughs with little resources and simple materials—fromMullis’ PCR
method and Tiselius’ electrophoresis to Fisher’s modern statistics.

Five, they were primarily interdisciplinary scientists, with eight out of ten trained in
different fields. This enabled them to generate new connections by often drawing on
methods and evidence from different domains—with for example Ernest Lawrence’s
degrees in physics and chemistry enabling him to better understand the nature of
atomic interactions and design the first practical particle accelerator.

Six, these inventors were not prominent scientists before designing the ground-
breaking tool. Most were relatively unknown and did not make a major discovery
before—with for example Mullis an unknown biotech researcher and Ruska, Tiselius
and Synge PhD students at the time (Table 6.1).

A remarkable insight emerges: science’s most important toolmakers are not elite
researchers at the peak of their careers but rather typical scientists when looking
at their background. This is important: it highlights that applied and resource-
ful researchers—regardless of reputation and institution—can turn their attention
towards tackling practical method problems that can transform science.

So what specifically motivates us to develop new discovery tools and methods?
Let us take a closer look at science’s most transformative tools. Svedberg cre-
ated the ultracentrifuge to overcome the limits of the ultramicroscope in studying
particles.(143) Tiselius then invented electrophoresis that addressed constraints of the
ultracentrifuge and the struggles of biochemists to separate proteins effectively.(142)
Martin and Synge designed partition chromatography to resolve the shortcomings
of earlier chromatography methods.(237) Each of these inventions unlocked new
ways of separating and studying substances. Von Laue generated x-ray diffraction
that enabled going beyond traditional x-ray analysis and probing the atomic and
molecular structure of materials.(120) Ruska pioneered the electron microscope that
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broke the optical barrier of light microscopes by bypassing the diffraction limit
of visible light that prevented visualising tiny structures.(112) Bloch and Purcell
developed NMR spectroscopy that advanced earlier techniques, especially Rabi’s
molecular beam method, to uncover a powerful new way of probing atomic nuclei
with unprecedented precision.(240) Fisher invented modern statistical methods to
tackle the inadequacies of earlier data analysis techniques, providing rigorous tools
to design experiments and draw reliable conclusions.(137) Townes created the maser
that overcame limitations in generating and controlling electromagnetic waves and
soon led to the laser—though he did not have a specific application for the tool in
mind.(141) Mullis invented the PCR method to make the process of DNA ampli-
fication and analysis much more efficient and rapid.(129) Lawrence constructed
the particle accelerator that enabled vastly expanding existing models of linear
accelerators.(241)

This trend is striking across science: it is often applied researchers—not gener-
ally theorists—who hit upon and spot a tool’s defects, but rather than just com-
monly accepting them they seek to tackle them head-on. It is generally technical
bottlenecks—when methods fall short and progress hits a wall—where the birth
of breakthroughs begins. The origins of science’s best tools challenge a long-standing
assumption—that theories play the central role in driving science—yet science’s most
transformative tools generally arise not from abstract theorising but from practical
deficits in earlier tools.

In fact, Lawrence’s inspiration for example came in 1929 when reading articles in
the university library at Berkeley one evening. Hewrote that he ‘came across an article
in a German electrical engineering journal by Wideröe on the multiple acceleration
of positive ions. Not being able to readGerman easily, I merely looked at the diagrams
and photographs of Wideröe’s apparatus … This new idea immediately impressed me
as the real answer which I had been looking for to the technical problem of acceler-
ating positive ions, and without looking at the article further I then and there made
estimates of the general features of a linear accelerator’.(241) That year, he published
his landmark paper, The production of high speed light ions without the use of high
voltages, in the journal Physical Review. At just 28, the youngest professor at Berkeley
at the time, Lawrence had designed the first particle accelerator, giving an entirely
new impulse to high-energy physics.(241) We explore the inspiration of these great
toolmakers deeper within the boxes (in Chapters 1, 5 and 6).

Surprisingly, these stories behind the ten most influential tools in sparking discov-
eries in scientific history challenge the popular narrative about scientific progress.
The stories reveal a deeper insight: the overlooked flaws of tools are key in driving
scientific progress. Great breakthroughs commonly begin not with just a grand ques-
tion but with a technical obstacle impeding investigation. What does this mean? It
means we need to pay much closer attention to the gaps in our instruments rather
than just the gaps in our knowledge. Because tools shape the questions and theories
we can even formulate and the discoveries we can make (we explore this in greater
detail later).

After zooming in on science’s top tools, we now zoom back out and broaden the
focus. We compare the features of the top ten nobel-prize-winning methods and
tools—those sparking the greatest number of later nobel-prize discoveries—with the
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features of all other 523 nobel-prize discoveries across science. We find that these top
ten discovery tools were all developed through direct observation and experimenting,
while other nobel-prize discoveries were less likely to rely on these approaches (as we
see in Figure 6.1a). Science’s pioneering method-makers shared several unique and
surprising traits: not only were eight out of ten interdisciplinary—each earning two
or more degrees in different fields before their breakthrough; but half of them were
not professors and only completed a PhD or less, and were under 35 (see Figure 6.1b
for a comparison with other nobel-prize discoverers).

We next take an even broader approach by examining all 149 nobel-prize-winning
method discoveries—including the top 10—and compare them to all other 384 nobel-
prize discoveries (experimental and theoretical breakthroughs). What stands out is
that these groundbreaking methods and instruments were more likely to require
experimenting and lead to a new field, than other discoveries (Figure 6.1c).

Exploring science’s most influential toolmakers deeper, we uncover a unique
pattern—one that challenges a common assumption about where innovation hap-
pens and who drives it. We find that among these ten great toolmakers, one group
consists of low-profile researchers not at top universities, developing four of the ten
most powerful tools. A second group is made up of academic outsiders—researchers
in tech and biotech companies that are very applied research environments, inventing
three of the ten tools. This is surprising since 99% of all other nobel-prize discoverers
were at universities or research institutions. And a third group involves higher-profile
researchers at top 50 academic institutions, creating three of the ten (Table 6.1).
Stepping back and exploring all 149 nobel-prize-winning method breakthroughs we
find a similar trend: almost two-thirds of these toolmakers were not based at the
world’s top 50 universities (Figure 6.1d). Innovation usually begins not with privi-
lege or prestige—but with a technological gap and someone eager to try a different
approach.

These ten pioneering methodologists were also younger: just 34 years old on
average at the time of their innovation, compared to 39 for all other nobel-prize dis-
coverers. The most transformative tools that change the course of science can emerge
before a career has even properly started—with three publishing their tool break-
through as part of their PhD thesis. Another unique finding is that most of these ten
general tools were generated at low cost, requiring less than 1000US$ (in 2025 prices)
(Table 6.1).

Since major discoveries begin with new methods that provide a new perspective
to a problem—not with existing methods that represent conventional research—how
do we develop those new methods? Four common ways exist, as we introduced in
Chapter 1 and explored more deeply in this chapter. One powerful way is creating
entirely new methods not yet conceived—like chromatography for separating chemi-
cal substances. A second transformative way is extending methods in novel ways that
represent a new method not ever used before—like gas chromatography that vastly
upgraded chromatography. A third innovative way is combining methods in novel
ways that introduces a new method not yet leveraged before—like x-ray crystallog-
raphy that joins x-ray methods with crystal analysis.(120) A fourth foundational way is
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Figure 6.1 Nobel-prize-winning methods and tools compared to all other nobel-prize-winning discoveries, by features at the time of the discovery
The data reflect all 533 nobel-prize discoveries: with the top 10 nobel-prize-winning methods and tools compared to all other 523 nobel-prize discoveries (Figure a and b), and
with all 149 nobel-prize-winning methods and tools compared to all other 384 nobel-prize discoveries (Figure c and d). NP stands for Nobel Prize. We outline the top 10
nobel-prize-winning methods and tools in Table 6.1, with the particle detector included here instead of modern statistics as it did not win a Nobel—each of these tools has been
applied to develop at least four later nobel-prize discoveries.



Table 6.1 How science’s ten central methods and tools were developed that triggered most nobel-prize discoveries

Traits at the time of the discovery:
Method or tool Year

developed
Inventor’s
name

Education
level

Age # of
people
making
tool

University/
Top 50
ranked

Field of
research

Field of
degree(s)

Won
Nobel
prize for
the tool

Cost to
develop
tool*

Country of
birth

Fields
using the
tool

How themethod or
tool works—and its general use

PCR method 1985 Kary Mullis PhD 41 1 Cetus
(biotech
company)/no

Chemistry Biochemistry;
Chemistry

Yes, 1993 Low USA Medicine,
genetics,
biochem-
istry

Amplifies a small DNA sample (e.g.
a drop of blood) quickly into
millions of copies—and enables
medical diagnostics (like detecting
HIV) and palaeontologic findings
(identifying species using fossils)
(Box 1.3)

Maser/laser 1954 Charles
Townes

Professor 39 1 Columbia
University/
yes

Physics Physics;
Modern
language

Yes, 1964 Medium USA Physics,
computer
science,
astron-
omy,
medicine

Produces concentrated beams of
light or microwaves—and used to
probe molecular structures and
deep space, and applied in DNA
sequencing, fibre optics, laser
surgery and computers

Spectrometer,
NMR∗∗

1946 Felix Bloch,
and Edward
Purcell

Professor 38 2 Stanford
University/
yes

Physics Physics;
Electrical
engineering

Yes, 1952 Medium Switzerland
/USA

Chemistry,
physics,
biology,
medicine

Visualises magnetic fields around
an atomic nucleus—and used to
decode the structure of proteins,
produce life-saving drugs and
observe tissue in our body

Chromatography,
partition

1941 Archer
Martin, and
Richard
Synge

PhD
(research was
part of PhD
thesis in
1941)

29 2 Wool
Industries
Research
Association/
no

Chemistry Physics,
chemistry,
physiology,
biochemistry

Yes, 1952 Low UK Chemistry,
biology

Separates substances in mixtures
and determines their
composition—and enables
identifying and understanding e.g.
amino acids and sugars (Box 5.2)

Electron
microscope

1933 Ernst Ruska Engineering
degree
(research was
part of PhD
thesis in
1934)

26 1 Technical
University
of Berlin/
no

Physics Electrical
engineering;
Physical
sciences

Yes, 1986 Medium Germany Biology,
medicine,
physics

Magnifies miniscule objects using
the wavelength of an electron—and
enables studying microorganisms,
nanoparticles, electrochemical
reactions, crystals and molecules
(Box 1.1)

Electrophoresis 1930 Arne Tiselius PhD
(research was
part of PhD
thesis in
1930)

28 1 Uppsala
University/
no

Chemistry Chemistry Yes, 1948 Low Sweden Chemistry,
biology

Separates substances by moving
charged particles in a fluid—and
applied to analyse e.g. DNA and
proteins, paternity tests and DNA
fingerprints (Box 6.1)



Particle
accelerator

1929 Ernest
Lawrence

Professor 28 1 Berkeley,
UC/yes

Physics Physics;
Chemistry

Yes, 1939 Low (to
high)

USA Particle
physics,
nuclear
medicine

Propels charged particles to high
speeds using electromagnetic
fields—and used to study matter
and proteins, develop new drugs
and cancer therapies

Modern statistics 1925 Ronald Fisher Bachelors 35 1 Rothamsted
(agricultural
research
institute)/no

Statistics
and
genetics

Astronomy
(w/specialisation
in mathe-
matics)

No Low UK All
scientific
fields

Used to collect and analyse large
datasets and run experiments—and
applied to examine almost any
phenomenon, from diseases in
populations to planets, societies
and even science itself
(Box 5.1)

Centrifuge 1924 Theodor
Svedberg

Professor 40 1 Uppsala
University/
no

Chemistry Chemistry Yes, 1926 Medium Sweden Chemistry,
biology,
clinical
medicine

Spins samples at ultrahigh speeds
at over 20,000 revolutions a
minute—and used to separate small
particles in fluids, gases and liquids,
like cells and viruses (Box 6.1)

X-ray diffraction 1912 Max von Laue PhD 33 1 University of
Munich/no

Physics Mathematics;
Physics

Yes, 1914 Low Germany Chemistry,
physics,
material
science,
biomedicine

Scatters x-rays using crystals—and
applied to uncover crystal
structures, atomic structure of
matter including proteins, and
identify cancers (Box 1.2)

Average of 10: … … 40%
professors

34 1.2 30% at a top
50 university

… 80% inter-
disciplinary

90% Low to
medium

70% in
Europe

… …

Comparison
group—all other
nobel-prize
discoveries:

… … 69%
professors

39 1.4 38% at a top
50 university

… 54% inter-
disciplinary

100% … 45% in
Europe

… …

The 10 central methods and tools are the most used to make the 533 nobel-prize discoveries. The comparison group (the last row) reflects all other 524 nobel-prize discoveries—with modern
statistics not included as it did not win a Nobel prize. While the particle detector (1911) is at the threshold of making it into the top ten, the PCR method (1985) is included as it illustrates a powerful,
more recent tool discovery that also received a Nobel prize and was used in triggering 10 major discoveries. The year reflects when the tool was first created, while all have been vastly improved. *The
cost to develop the tool is based on three categories: low under $1000 US, medium between $1000 and $10,000 US and high above $10,000 US, in 2025 prices. We describe the cost for seven of the ten
tools in the Boxes in Chapters 1, 5 and 6. Here we illustrate the other 3: it cost Townes about $500 US to create the maser in 1954 ($5944 US in 2025 prices).(242) Developing the first NMR
spectrometer in 1946 cost Bloch $450 US ($7379 US in 2025 prices).(243) Creating the first operational particle accelerator prototype in 1929 cost Lawrence only about $25 US ($467 US in 2025
prices),(244) and later scaled up accelerators about $2500 US ($46,750 US in 2025 prices).(245) ∗∗While the first spectrograph was invented in 1859, an entirely new form of spectroscopy based on
magnetic resonance—namely NMR spectroscopy—has since become far more important.
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adopting new methods developed in other fields—like NMR spectroscopy created in
physics and then used for the first time ever in chemistry, medicine and biology.(240)
In each of these cases, we triggered major discoveries with new methods never
employed before to a given question. When we make a novel methodological leap—
whether merging two tools from different domains or repurposing tools in new
ways—innovation often soon follows.

Digging deeper we uncover two broader underlying strategies to advance new
methods: tackling a bottleneck facing a tool or opportunistically experimenting
with tool designs. Which strategy is more common and successful? Scanning the
method innovations sparking science’s over 750 major discoveries reveals a clear
trend: the most common strategy is constraint-driven innovation. Most new tools
arise when researchers hit a wall—a method obstacle when doing research—and
then shift their focus to extend, combine and reinvent tools to overcome the obsta-
cle. The less common strategy is exploratory innovation—where researchers invent
new tools not to solve a pre-established problem but simply to probe into the
unknown and possibly discover something new. Yet some breakthroughs can be
based on elements of both, a strong exploratory component and a known bottle-
neck that requires experimenting with a new method to find out if an assumed
phenomenon exists.

Consider a striking example of how constraint-driven and exploratory innovation
can merge: the invention of the maser by Townes in 1954. He had no specific appli-
cation in mind—only to amplify beams of microwaves. He famously described the
maser as ‘a solution looking for a problem’.(141) But over time, researchers began
experimenting with this peculiar invention in more and more areas—from medi-
cal clinics and physics labs to telecommunications and computer industries.(141,242)
We use the maser’s offspring, the laser, widely in different technologies in our
daily lives, from barcode scanners, smartphones and laser printers to high-precision
surgeries.(246) So does it pay off to experiment with new methods without a clearly
defined use? The payoff is often high—precisely because there are very few full-time
researchers dedicated to inventing methods themselves, and because what begins
as tinkering with a new possible tool, like the maser, can turn into an unexpected
cornerstone of science and technology. This insight opens a vast space of untapped
potential. Science and technology are often intertwined. Yet science can often bemore
submissive to new technology.

So beyond internal scientific pressures to expand our toolbox, there are also exter-
nal pressures—technological and societal. Who invented for example the six most
influential tools that drove 17th-century science? Surprisingly, three of the tools—the
barometer, vacuum pump and calculus—were created by scientists, while the other
three—themicroscope, telescope and statistics—were developed outside of academia
for non-research purposes. But scientists recognised their potential, refining and
extending them over centuries. The microscope and telescope emerged far from
the lab: at the turn of the 17th century, non-scientists developed them by tinkering
with and expanding eyeglasses and magnifying glasses.(46) Descriptive statistics were
born in the 1600s out of the practical need to collect and track demographic trends
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and mortality in rapidly growing European states.(247) Interestingly, the centrifuge—
typically associated with lab science—was also invented outside the walls of academia
in 1864 in Germany, originally used for separating liquids from paint and later cream
from milk.(248) But the device was eventually picked up on 60 years later, in 1924,
when Svedberg vastly expanded it with the ultracentrifuge, enabling extraordinary
findings in fields like biochemistry and molecular biology.

Scientific progress, then and now, is driven by practically minded toolmakers. New
methods in artificial intelligence, machine learning and big data are increasingly pio-
neered by tech companies for commercial use and then applied by scientists. These
not onlymake sciencemore efficient but also highlight an often symbiotic relationship
between industry and science.

Our new tools commonly as the central driver of discovery—beyond
supporting factors, from additional funding to larger teams

What are seen as the most important factors driving scientific discoveries? Review-
ing the literature we find a consistent pattern. Most frequently, researchers highlight
two key factors for how discoveries emerge: greater research funding (for salaries
and sustained long-term programmes)(6–8) and team collaborations and size (for
sharing expertise and research tasks).(9–11) These two factors compete for the top
spot and are especially emphasised by economists and scientometricians (Chapters 4
and 6). Other commonly discussed factors driving breakthroughs are greater edu-
cation and human capital, providing a trained and skilled workforce in the long
term.(44,85) At times interdisciplinary research used to integrate perspectives and
tackle complex problems.(83,84) And younger researcherswho can be more productive
andmotivated (Chapter 4).(12,13,86) Beyond these, themore elusive role of serendipity,
sudden insights and chance are at times stressed especially by psychologists, histo-
rians and philosophers of science (Chapter 2).(17–20,30,146) Then come broader basic
forces: societal and policy challenges—such as pandemics like COVID, climate change
and clean energy research, and government priorities—can shape some research
areas.(227) And computers, internet and AI make science more efficient and automate
processes, especially in data-intensive fields (Chapters 6 and 11).(90,249)

At a deeper level, some examine revolutionary theories—especially highlighted
by theoretical physicists and philosophers (Chapter 3).(15,16,73) Others explore the
role of problem-solving.(15,87,88) Broad institutional structures such as universities,
journals and research networks also facilitate knowledge exchange,(208,215,216) while
scientific awards can help incentivise innovation (Chapter 4).(41,95) Some researchers
also highlight the growing role of open access publishing, speeding up the flow of
knowledge.(250,251) Finally, academic freedom is needed—the space for exploring new
methods and insights, risky projects and accepting ‘failure’ and changing paths as
new opportunities arise.(252) Taken together, researchers exploring scientific progress
largely focus on these broader factors and basic conditions.
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These factors vary largely by discovery, by scientific field and by scientist, and alone
are not enough to make discoveries. We lay out, throughout the book, how these
factors and background conditions can foster the basic environment for developing
methods and science. But it is new tools that are the very spark of major discoveries
across the sciences.

Some broad factors, like a scientist’s age or a serendipitous moment, are often
beyond our direct control. Since 1900, 80% of discoverers were under 45—and about
15% of discoveries involved an element of serendipity. But even those unexpected
moments are typically sparked by new tools—ones that visualise and detect the unex-
pected (Chapter 2). Other supporting factors can be more within reach like large
funding (for certain instruments and research) and a large scientific community (for
doing research using instruments). These factors mainly emerged after the second
world war, with the establishment of national science foundations in the 1950s. Yet
by then,most of science’s leadingmethods and toolswere already invented (Table 6.1).
Andmore than half of science’s major discoveries were already made by 1945, includ-
ing the majority of the major non-nobel discoveries since 1900 (Figure 4.4). Since
1900, 60% of discoverers did not work at top 50 universities—institutions with gen-
erally greater funding and resources. And since 1900, 33% of discoverers were not
professors and 5% did not have a PhD—and even 36% worked in low-resource
contexts with average annual incomes below 10,000 US$ (Chapter 4). These facts
show that discovery does not depend on elite institutions, elite scientists and elite
funding.

Let us first explore deeper the factor many assume is the lifeblood of scientific
progress: research funding.(6–8) It is easy to assume that bigger budgets can lead to
bigger breakthroughs. But we can test that assumption by examining science’s over
750 discovery-making studies, including publications such as the Nobel prize lec-
tures describing these discoveries.We find a striking insight: hundreds of high-impact
breakthroughs are sparked by low-costmethods and tools. These include those among
the tenmost used in science: statistical andmathematicalmethods, lightmicroscopes,
electrophoresis, chromatography, thermometers and centrifuges—and later the PCR
method and other assay techniques. Most of these tools of discovery were developed
with small budgets—and today we can buy them new for less than a thousand or a
few hundred dollars or are even free, like most statistical methods (Table 6.1). Tools,
once acquired, can also often be shared, multiplying their impact.

What is remarkable is the range and depth of nobel-prize discoveries powered
by these inexpensive tools: from identifying viruses and developing life-saving vac-
cines, to inventing transformative statistical and mathematical methods and isolating
essential chemical and biological substances. The German Robert Koch for example
discovered the deadly bacteria causing tuberculosis using a light microscope together
with simple and cheap staining techniques, a thermometer, syringe and guinea pigs.
The Canadian Frederick Banting and Scottish JohnMacleod uncovered insulin using
a colorimeter, scalpel, syringe and extracted pancreases from dogs—with the ground-
breaking findings leading to the treatment of diabetes. The Israeli Daniel Kahneman
revealed how we think and make decisions under uncertainty by using innovative
but simple surveymethods, statisticalmethods anddecision-making experiments and
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deviated from expected utility techniques. The American Michael Kremer developed
experimental development economics by adopting randomised controlled trials—
created in clinical medicine—and applying the method to conduct the first RCT on
an education intervention.(133,135) We highlight many other low-cost but transforma-
tive discoveries—including method discoveries like partition chromatography and
the PCR method—throughout the book.

These resourceful nobel-prize discoverers illustrate a recurring pattern across
hundreds of breakthroughs achieved with minimal resources: they leverage
innovative yet simple methods like statistical techniques or light microscopes, bor-
row recent cutting-edge methods from other fields and repurpose or upgrade basic
lab instruments. Strikingly, these inexpensive discoveries span across major fields—
from microbiology and chemistry to epidemiology, genetics and cognitive science.
This reveals an important insight about the discovery process: large-scale funding
is not always the norm and—aside from researchers’ salaries and standard overhead
costs—many discoveries require no additional funding.

When we look at the hundreds of fields spanning the biological, chemical, phys-
ical, cognitive and social sciences, we find that the most expensive instruments are
concentrated in a few subfields, especially within branches of physics like particle
physics and astronomy. They include the Hubble space telescope constructed in 1990
byNASA and the European Space Agencywhich enabled discovering the accelerating
expansion of the universe in 1998. The massive radio telescope built at Cambridge in
1967 led to discovering pulsars later that same year. The laser interferometer (LIGO)
upgraded in 2015 in the United States made it possible to detect gravitational waves
that same year.(115,138) The large hadron collider (particle accelerator) developed by
CERN in 2008 enabled revealing the Higgs particle in 2012.(117) The Manhattan
Project—amonumental effort requiring nuclear reactors and advanced isotope sepa-
ration techniques—paved the way for the first atomic bomb in 1945. Beyond physics,
some exceptionally expensive projects in genetics and medicine have also invested
vast funding in major cancer research and the human genome project.(113) High-
performance supercomputers, space programmes and other particle accelerators also
demand immense resources. These are among themost popular examples of themost
costly instruments and initiatives in scientific history that relied onmuch government
funding.

These exceptional cases are often mentioned as proof that science can be very
expensive because these instruments are very expensive—yet they only make up a
small fraction of major discoveries. While people’s attention is naturally captured by
these extraordinary initiatives in a few fields, they overlook the over 750 major dis-
coveries that make up the very foundation of science. The price of discovery is often
lower than usually assumed. During the centuries between Newton and Einstein, we
find that science’s discoveries even flourished on low budgets and small scales. Scien-
tists funded themselves or received only modest support from universities or private
foundations. The key is that it is resourceful researchers—challenging conventional
thinking—who often drive transformative breakthroughs.

Take also the often discussed role of large research teams or communities in advanc-
ing science. More researchers working together can cumulatively build on complex
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methods and findings, pooling expertise to tackle large-scale problems. Fields like
biomedicine, climate science and high-energy physics are thriving examples of this
collaborative spirit. As Ernest Lawrence—the inventor of the particle accelerator—
said, ‘No individual is alone responsible for a single stepping stone along the path of
progress’(241) since we work within a broader scientific community.

Yet a share of transformative discoveries has been achieved by researchers working
alone. These range from the discovery of superconductivity by Kamerlingh Onnes,
the first exoplanet by Michel Mayor and Didier Queloz and x-rays by Wilhelm
Röntgen, to the discovery of cells by RobertHooke, bacteria by Antonie van Leeuwen-
hoek and the moons of Jupiter by Galileo. The history of these groundbreaking
discoveries began with these researchers using a new tool powerful enough to pene-
trate the boundaries of the known—without an existing research programme among
a scientific community or any existing theory. These discoveries were sparked not
because of team size, funding or institutional prestige, but once researchers had these
extraordinary tools at their disposal (Chapter 2 on serendipity). A significant share of
breakthroughs is also triggered by individual discoverers using a tool already devel-
oped in one field within another field to open an entirely new domain without yet a
research community. An influential study published in Nature found that individual
researchers and small teams are most likely to generate breakthrough research, not
large-scale collaborations—which attract our attention.(10) Nobel-prize discoveries
have also commonly been awarded to a single researcher.(95) In Scientific Elite: Nobel
Laureates in the United States, Zuckerman highlights that ‘laureates were especially
concerned to have the record clear for their more significant work, and particularly
in their prize-winning research papers’.(44)

When discoveries happen in new teams and collaborations, or new interdisci-
plinary settings—not just established ones—it is generally precisely because new
methods or tools from different researchers are turned on a problem for the first time.
They bring the new lens. It is not just about who is on a team—it is generally more
about what methods they use that reveal what others could not yet see. From this
perspective, it is at times about forming the kinds of collaborations that make new
methods possible.

Whether scientists work alone or collaborate with others, science on the whole
naturally progresses collectively over the long run. Scientists are rarely isolated from
the broader scientific community, with 99% of all nobel-prize discoverers working
at or affiliated with a university or research institution at the time of their dis-
covery (Appendix Table 4.1). We can think of scientific progress like an Olympic
race. Some compete by training in coordinated relay teams, pushing each other
and improving their performance, but when the finish line nears they break away
from the pack to try and take the gold (like Crick and Watson pushing their way
to the front and others to the side in depicting DNA’s structure). Others train in
a large pack without much competition (like the thousands of scientists working
together to detect the Higgs particle). Still others take a more solitary route in
unknown terrain (likeOnnes uncovering superconductivity)—in each case guided by
cutting-edge tools.

A key insight emerges from examining the over 750 biggest discoveries: we find that
significant shares of discoveries aremade by scientists who can be in small or large teams,
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low or high funded, young or old, at lower or top ranked universities, interdisciplinary
or not, guided by theory or not, or involve a serendipitous moment or not (Chapters 2,
4 and 6). But the key factor common across all discoverers is that they directly lever-
age a new method to be able to break new ground—by enabling us to explore the
world in a new light. No major discovery has been made without first applying a
novel method or tool; and major extensions to our tools, from microscopes to spec-
trometers, from electrophoresis to particle accelerators, have generally always led to new
discoveries—this is as causal as we can get (Chapter 1). This insight leads us to a dis-
tinct conclusion: we commonly over-focus on who is doing the research, when we
should pay closer attention to what they are using to do it and how they got their
hands on it.

Broader cognitive, economic, societal and geographic factors do not change just
before we make each discovery. These supporting factors generally remain stable
over time, often lying beyond our control. They serve as the soil. But the seed that
sparks the discovery itself is a new tool, lying in our direct control that we actually
shape, design and refine—with most created just a few years before major discov-
eries (Appendix Figure 1.9). There is also at times not too much more we can say
about factors like money and the scientific community in fostering science, except
that they do.

Common responses from researchers, on what can fuel groundbreaking research,
generally circle around money and collaborations but also curiosity and serendip-
ity. These factors support but are hardly unique to science; they are found widely in
business, industry and public policy. For both scientists and non-scientists, a basic
salary is generally needed to pursue work; teamwork can help merge perspectives
and methods; psychological traits of curiosity and drive can lead to exploring new
questions; and then there are serendipitous moments that can also arise. Far from
being distinct to science, these common factors apply to most human activities. Yet what
truly sets science and discovery apart are scientific tools and methods—by enabling
us to explore and uncover entirely new types of complex knowledge. Scientific tools
like advanced particle accelerators, x-ray crystallography, space telescopes and elec-
trophoresis are largely exclusive to science and not used in other human domains.
Looking at the tenmost usedmethods and tools in science, we generally just use statis-
tical methods in business, industry and public policy—and even then, they generally
do not employ the complex techniques involving deep scientific modelling and rigor-
ous controlled experiments (Table 6.1). Scientific tools uniquely define how major
discoveries emerge. Machine learning methods are developed by researchers with
advanced academic backgrounds also at tech companies and are gainingmuch impor-
tance in science. Pressing global challenges—whether in the race for new vaccines,
cancer treatments and responses to aging populations, or technological solutions to
climate change and renewable energies—can also influence science. They can shape
some of our research priorities and the demand for discovering new solutions with
new techniques.

The most widely followed strategy for researchers aiming to spur new advances
seems straightforward: identify an open research question and search for fund-
ing support and collaborations. This model guides projects funded by science’s
largest institutions, such as the European Commission and the National Science
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Foundation. But is it the best model for innovation? Asking original questions not
yet explored, thinking outside the box, challenging long-held assumptions and fill-
ing blind spots in what we know are central aspects of science. And new tools—by
their very nature—enable us to do this more than other factors. Following new
evidence and data wherever it takes us is critical, especially when it contradicts
what we currently know. Experimenting in new ways and taking risks, even if
the outcomes are uncertain, is key to advancing science—as unexpected data can
often lead to unexpected findings. And once again, it is new tools—from x-ray
methods to machine learning—that empower us to do this and explore uncharted
territory.

Factors like funding, teamwork, researchers’ age and background can support
research, but without innovative tools they alone cannot lead to breakthroughs.
Hundreds of major discoveries have emerged without additional funding or collabora-
tions, but from themoment a new tool was first applied that enables the new insights—as
evidenced by discoverers in the discovery-making studies and Nobel prize lectures. New
tools are commonly the central factor because they directly trigger new ideas and inno-
vations and open entirely unimagined frontiers—more so than other factors can across
science. This is highlighted in the conceptual framework in Figure 6.2. There are
several reasons why tools are commonly the most direct factor we can influence in
sparking discoveries:

• we develop most tools of discovery within a few years—and often the
same year—as the breakthroughs they enable that are otherwise not possible
(Chapter 1).

• we need to generally invest the greatest effort and time into tools, from design
and refinement to application.

• we directly modify tools as we actively develop or transfer them across fields,
giving scientists unparalleled control to trigger innovation.

At the end of a chain of questions into what shapes and guides new advances, we
get to new tools. These are not aids but the very levers of discovery. They visualise
the invisible: microscopes and telescopes reveal what is too small or too distant for
the naked eye. They quantify the non-quantifiable: statistics, thermometers andmea-
surement scales measure quantities with great precision. They sense the unsensible:
spectrometers, radar devices and radio telescopes detect and measure light, radio
waves and signals far beyond human sensory limits. They isolate the non-isolated:
centrifuges, chromatography and electrophoresis separate substances like proteins,
DNA and viruses. They simulate the unsimulated: computer technologymodels com-
plex systems—from neural networks to the Earth’s climate—that are too vast to study
directly. They automate the unautomated:machine learningmethods analysemassive
datasets, run experiments and generate predictions by spotting patterns at excep-
tional speed. They image the non-imageable: x-ray devices, MRI, ultrasound and CT
scans create extraordinarily precise images inside the human body. More than just
standing on the shoulders of giants, these powerful tools enable the giants of science.
These remarkable tools are the direct force uncovering what we did not even know
existed—they are the discovery engine.



THE DISCOVERY ENGINE 151

New discoveries

New methods and tools

Existing research, including data, evidence and theories, conducted at universities and institutions

Researchers’ interdisciplinary background and greater education
(most with PhD)

$

(for salaries including tools)

Cognitive and 
psychological traits

(including motivation) 

Existing knowledge,   
and features and norms 

of science

Human capital
and traits of scientists

Basic factors supporting 
broader environment, 

including societal 
challenges 

Problem solving,
moments of insight,
serendipity/chance

Tools created to enable
the breakthrough 

observation or finding(most developed within a few years of the discovery)

Basic resources and funding Scientific community/
research team

Younger age
(with greater
productivity)

Figure 6.2 The foundation of discovery: new methods and tools—our most direct levers of
progress—and the factors that support them

Our powerful tools also trigger our major theories of science by enabling us to
see and describe what was hidden before. But how exactly do our greatest scientific
theories fit into this tool-driven picture?

How our powerful tools drive scientific progress and make our best
scientific theories possible—beyond the role of theories

Some of science’s most celebrated discoveries are at times seen as purely theoretical
masterpieces of the mind, developed by brilliant thinkers without using tools and
experiments. Take the classic example of quantum theory—describing the behaviour
of subatomic particles at the smallest scales. At times, the theory is seen as uncovered
by thought. But taking a closer look, the story shifts. Max Planck’s quantum hypoth-
esis in 1900, the starting point of quantum theory, did not emerge from just a flash
of inspiration. He directly built on findings made possible by precision instruments
like spectrometers and bolometers that measured emitted light across wavelengths
with exceptional detail—namely the famous blackbody radiation experiments. And
he applied the model of linear oscillators to explain energy exchange.(53) These
instrumental experiments did not just inspire a theory; it enabled and demanded
one. The tools revealed the deficits that required a new interpretation. Einstein’s
work on the photoelectric effect in 1905 was not just a product of thought, but was
firmly rooted in unexplained experimental findings using electroscopes and cathode
ray tubes to observe how light liberated electrons from metal surfaces.(54) He then
interpreted what the tools had shown. Bohr’s quantum model in 1913 was not just



152 THE ENGINE OF SCIENTIFIC DISCOVERY

based on abstraction, but relied on rich data gatheredwith spectroscopes using prisms
to reveal spectral lines—these pointed to electrons not orbiting randomly and exhibit-
ing quantised energy levels. He also drew analogies between x-ray emission and
electron transitions.(55)

Each of these scientists also relied on advanced mathematical methods. Even the
unexpected discovery of the electron in 1897—made possible using the new cath-
ode ray tube—provided further evidence of the need for a new atomic model. Using
the newly invented interferometer, the Michelson-Morley experiment in 1887 indi-
rectly reinforced the need to rethink light’s behaviour. Far from being the triumph of
just theoretical physicists, quantum theory only emerged from applying these pow-
erful tools, along with others such as statistical mechanics developed since 1868.
These remarkable instruments and real-world experiments uncovered what was pre-
viously invisible, enabling the theoretical explanation that energy and light might be
quantised.(95,103)

Other iconic examples of what are at times celebrated as purely theoretical break-
throughs are Einstein’s theory of special relativity in 1905 and its extension into general
relativity in 1915—describing objects affecting the curvature of spacetime. But these
theories were also heavily grounded in unexplained experimental findings that key
instruments revealed. In the 1887 paper On the relative motion of the Earth and the
luminiferous ether, Michelson and Morley measured the motion of the Earth rela-
tive to the luminiferous aether that was thought to carry light waves.(50) Surprisingly,
the experiment demonstrated, by relying on the new interferometer, that the speed of
light remained constant regardless of the Earth’s motion through space. This extraor-
dinary finding challenged the existing notions of absolute space and time. It laid
the evidence that enabled developing Einstein’s theoretical interpretation—that space
and time could be relative. This landmark experiment was widely debated by leading
physicists at the time, including Einstein who discussed the ‘luminiferous ether’ in
his 1905 paper.(253) And in Einstein’s words: ‘the Michelson and Morley experiment
had made it clear that phenomena obey the principle of relativity’.(51,52) Yet Einstein
is said to have later downplayed the influence of these experimental findings on his
thinking.(52)

Maxwell’s equations in 1865 also laid the mathematical foundation for under-
standing electromagnetic waves, and led Einstein to reconsider how light behaved in
different reference frames.(99) Tensor calculus—a new mathematical method—was
also indispensable for capturing the experimental findings and expressing gravita-
tional fields in Einstein’s equations. He did not invent these methods but adopted
them. Discovering the electron with the cathode ray tube not only informed quan-
tum theory but also highlighted inconsistencies in classical physics that relativity later
resolved.

Einstein’s key role was in interpreting and restructuring these experimental find-
ings that revealed what was not conceivable before the experimental findings.(82)
These extraordinary tools created the very possibility of seeing the world differently
in the first place—and enabled Einstein to make the conceptual leap. Far from just
confirming predictions, tools make new kinds of predictions possible. Technological
advancements, including particle accelerators, telescopes, atomic clocks and gravi-
tational wave detectors, then enabled precise experimental tests that validated and
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extended Einstein’s predictions with remarkable precision. These again made new
theoretical explanations possible that were not imagined before.(99) Likewise today,
theoretical physicists are fundamentally guided by experimental and methodological
discoveries—for example by the particle physics experiments at CERN that inform
their theories.

Taking a step back, Einstein is famously credited with the most iconic equation
in science that is associated with special relativity: E = mc2. The simple formula
states that the energy E of an object at rest (such as an atom) is equal to its mass
m multiplied by the speed of light c squared. Similar mass-energy formulas, such as
Е = kmc2, were already developed by Umov in 1873 and Preston in 1875, and later
also by Thomson in 1881, Heaviside in 1889 and Poincaré in 1900.(254) In 1904,
Hasenöhrl derived E = 3/8mc2 while studying blackbody radiation—and his results
were consistent with special relativity.(255) In the 1903 paper published within the
Proceedings of the Royal Veneto Institute of Science, De Pretto developed the very
same formula E = mc2,(256) two years before Einstein’s same version appeared in the
German-based Annalen der Physik in 1905—the same journal where Hasenöhrl had
published his work the year before.(255) In 1906, Einstein then recognised Poincaré’s
mass-energy equivalence.(257) And in 1907, Einstein acknowledged that others may
have arrived at similar conclusions: ‘It seems to me to be in the nature of things that
other authors might have already elucidated part of what I am going to say. However,
bearing in mind that the problems under consideration are being treated here from
a new standpoint, I felt that I should be permitted to forgo a survey of the literature
(which would have been very troublesome for me)’.(258) Einstein critically connected
the equation with the theory of relativity. But without Einstein we would still likely
have a theory of relativity which other leading scientists, like Hendrik Lorentz, were
also working on—and special relativity was originally called the Lorentz-Einstein
theory.(255,256)

Darwin’s theory of evolution from 1859 is often seen as a product of just reason-
ing and observation—as drawing sweeping conclusions from observing Galápagos
finches and a long voyage. But in reality, Darwin relied on vast amounts of experi-
mental data and scientific tools, both his own and those of others.(57) His advanced
microscopes—our prime example of a key scientific tool—enabled him to examine
barnacles, corals and plant structures in great detail over the years. These shaped his
understanding of variation, specialisation and adaptation across species.(56) Darwin
also conducted systematic experiments: he bred pigeons and plants under controlled
conditions. These provided him with direct evidence of how artificial (human) selec-
tion could cause distinct traits to emerge across generations. These experiments
did not just enable drawing the analogy for natural selection—they were also living
laboratories for understanding how selection pressures shape species. The findings
led Darwin to the conclusion: if humans could shape animals over time, so could
nature.(57) He also applied comparative anatomy methods to study finches, dissected
animals and drew on the latest fossil discoveries—providing him with further evo-
lutionary evidence of how extinct species relate to living species. And he was also
influenced by Thomas Malthus’ views on population growth—that we can compete
for limited resources as a force of survival. By synthesising vast data across biol-
ogy, geology and palaeontology and using natural experiments, Darwin was able to
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pull the pieces together into a coherent theory with unprecedented depth—one that
transformed how we understand life and its origin.(57,82)

So why do the most celebrated scientific ideas and theoretical advances—quantum
theory, relativity, evolution, DNA’s double helix—commonly follow newly applied
tools? It is because conceptual breakthroughs do not just deeply depend on advanced
tools and unexplained experimental findings and puzzles, but are fundamentally
made possible by them in the first place. Cutting-edge tools laid the essential foun-
dation of evidence on which scientists could then create the theoretical explanation
for what they could not have seen or conceived before. Here lies a key insight—tools
do not just support the scientific process and make it more efficient, as commonly
believed, they largely define what problems we can conceive and make our biggest
scientific ideas and experiments possible.

Without the microscope, no cell theory could have emerged; without x-ray crys-
tallography, no DNA double helix model could have arose, and so on. Science is
often seen and taught as theory coming first, with observations then merely testing
them. But science’s groundbreaking theories are commonly born from unexpected
experimental observations. New tool→ unexpected finding→ new theoretical expla-
nation of that finding. Theoretical physicists like Einstein claim that ‘it is the theory
which decides what we can observe’. Here, the broader evidence of discoveries across
science leads to a deeper insight: it is the tools that define what we can observe, mea-
sure and experiment and ultimately what theories we can even conceive in the first
place to explain surprising findings those tools uncover. So while in theoretical fields—
like theoretical physics—observations often tend to be thought of as theory-laden,(15)
observations and theories are actually always tool-laden across science.

Screening science’s over 750 biggest discoveries, we find that only very few excep-
tional cases are popularly described as stemming from just ‘thought experiments’. The
idea that some theoretical breakthroughs can arise from just abstract thought is a
somewhat romanticised view in the public imagination. The perception is especially
common about theoretical physics, where scientists study at the smallest and largest
scales (subatomic particles and the vast universe). That requires at times greater
interpretation and abstraction from available evidence than is typical in most other
fields across the natural and social sciences. In reality, such popular narratives of the
lone genius are constructed only after new instrumental tools produced the unex-
pected findings and enabled interpreting those findings in a new light. Even Einstein’s
most famous and iconic description—imagining chasing a beam of light—was only
part of his retrospective narrative decades later, not in earlier publications, inter-
views or communications.(52) But we find that each of the few later descriptions
actually fundamentally relied on pivotal enabling tools. The narrative came later;
the tools came first—by revealing the puzzling problems that needed a theoretical
explanation.

Scientists—from Einstein to Darwin—are endowed with the same senses and
motor skills as others, but they excelled at synthesising existing experimental findings
and tools before developing their theory. And afterwards, major theories generally
only become recognised as theoretical breakthroughs once they survive rigorous
experimental testing with the tools that validate them—as we see scanning nobel-
prize discoveries. Even our best theories can only ever be confirmed using tools and
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methods. After all, Einstein received the Nobel prize in 1921 not for his relativity
theory, but for his work on the photoelectric effect that did have clear experimental
confirmation at the time.(54)

Next, when we explore how science’s central tools emerged, we find that many were
born largely as practical inventions using trial and error, experimenting and solving
real-world constraints to our tools: from Kirchhoff and Bunsen’s spectrometer, Martin
and Synge’s chromatography and Tiselius’ electrophoresis, to Mullis’ PCR method
and Svedberg’s centrifuge. From the first microscope and telescope born from lens
crafting, to the thermometer based on the expansion of fluids; from Wilson’s parti-
cle detector inspired by observations of cloud formation, to the Geiger counter built
on observing ionised gases, a number of tools first began as hands-on applied break-
throughs rather than by building on an existing theoretical framework. For Röntgen’s
discovery of x-rays—an entirely unexpected observation—no theory was possible.
Such tools were developed before theory even knew what questions to ask to develop
them. But applying them then led to over a hundred major applied discoveries into
invisible worlds, without yet theoretical explanations. So why has theory at times not
been crucial for building some tools, especially first-generation tools? Because the goal
is not explanation, but functionality—demanding testing and prototyping. But other
central methods did rely in part on a theoretical foundation. Fisher’s statistical meth-
ods solved real-world problems but also used practical principles of probability, and
Ruska’s electronmicroscope tackled real limits in resolution but also applied practical
insights from quantum mechanics. When used to help optimise tools, applied the-
ory is typically used—focused on solving real problems—rather than abstract theory,
traditionally used to describe nature.

Why are methods and tools so fundamentally important in propelling discoveries,
often playing a more crucial role than scientific theories in science’s over 750 major
discoveries? Why are tools commonly the central driver in breakthroughs? There are
several reasons:

• Tools enable us to not only directly see, measure and experiment but also think
in ways unimaginable without them. Remarkably, using them we can per-
ceive previously unknown and inaccessible phenomena across all fields—from
microorganisms and nerve cells to radio waves, subatomic particles and distant
galaxies. By making the invisible visible, we have sparked hundreds of major
discoveries through exploratory research and experimenting using new tools
and with limited theoretical understanding. Tools—microscopes, x-ray devices,
machine learning—observe and measure the unknown in ways that theories
simply cannot, while we develop and revise theories (explanations of the world)
from what tools reveal (Chapter 1).

• Tools make discovery more strategic and less driven by chance. They shift discov-
ery from chance to a deliberate and effective strategy—by enabling systematic,
repeatable ways to explore unknown terrain. Uniquely, serendipitous discov-
eries, from x-rays to pulsars, generally reduce the role of theory as they are
sparked by new tools of discovery before anyone knew how to explain them—
turning observation into theory (Chapter 2). So tools often precede and inform
the theories we develop.
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• Tools accelerate the pace and scale of discovery. Better methods—computational,
experimental, statistical—generally evolve faster than the theories meant to
explain what they uncover. New technologies like high-powered computing,
machine learning and data analytics can speed up the pace of science. By col-
lecting, analysing and visualising enormous volumes of data faster and with
unprecedented precision, they allow us to test, refine and update discoveries
including theories quicker and open new research areas (Chapter 1).

• Tools push us past the boundaries of current theory, and without them our best
theories could not have generally been imagined, much less tested. Conceptual
breakthroughs occur after new tools are invented—from radio telescopes and
particle accelerators to x-ray detectors. Because these tools unveiled invisible
realms no one had conceived and enabled entirely new types of questions.
Powerful new instruments reveal unexpected phenomena that current theories
cannot explain. And theories do not explain themselves—they rely on the evi-
dence that instruments provide. New evidence in turn forces us to reevaluate
established theories. Detecting for example exoplanets using new spectrographs
upended existing models of how planets form and sparked new theoretical
explanations. And when it comes to the origin of our groundbreaking tools, we
found that they generally emerge not from abstract theorising but from practical
deficits in earlier tools and experimenting.

• Tools spark breakthroughs across unrelated fields. Numerous transformative tools
each triggered over a dozen discoveries—from electron microscopes and x-ray
devices to spectrometers and chromatography—and often in unexpected fields
far from where they emerged (Figure 1.7). What connects the distinct discov-
eries that each of these tools made possible is not a common theory, research
teams, more funding or serendipity, it is using the common powerful tool—each
unlocking groundbreaking findings across different fields. Versatile methods
(like the gene-editingmethodCRISPR) are initially created in one field but then
imported in others (with CRISPR transforming genetics, medicine, agriculture
and environmental science).

• Tools make science scalable, precise and reproducible. High-precision instru-
ments enhance efficiency and allow researchers around the world to replicate
experiments using standardised measurement.

So the reason why tools often prove to be the more critical driver of discovery than
theories is straightforward: the history of science shows they often not only resolve
more of science’s deepest questions but also spark more new fundamental questions
and answers unimaginable before. Our tools foundationally shape not only what we
know but how we know it.

Across science, most fields are driven by experimental and observational methods
and have a limited theoretical footing. Think of medical researchers and epidemiol-
ogists, ecologists and environmental scientists, archaeologists and palaeontologists,
psychologists and the wide range of other applied scientists. When asked how dis-
coveries are made, they highlight collecting data and running experiments using
tools as the very cornerstone of science. A look across the fields of science shows that
many disciplines thrive with little or no established theoretical foundation. Yet what
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unites all scientific fields is not theory—but methods and tools that ground knowledge
in empirical reality. Without these tools, fields never get off the ground. No field can
function without evidence derived from methods and tools. In some fields, researchers
can have stronger synergies between technological advancements and the theoreti-
cal insights they spark, like with biotechnologists, chemists and materials scientists.
At times, this synergy can help motivate tool design—with for example limitations
in microscopy combined with quantum mechanics contributing to the scanning
tunnelling microscope.

In contrast, in a few subfields researchers place greater emphasis on theory, like the-
oretical physicists, theoretical economists and philosophers of science, often relying
on mathematical methods with limited (direct) evidence. For these researchers, it is
not surprising that the strongest emphasis on theory tends to come from fields where
tools and experiments are used least as part of daily work. After all, they deal with
phenomena far removed from everyday experience: like subatomic particles, cosmic
scales and global financial markets—often expressed using mathematical equations.
Yet even the most abstract theory must ultimately be based on and pass the test of
reality. We require instruments before and after creating a scientific theory: before,
tools provide the surprising observations and anomalies that spark theoretical ideas and
explanations; and after, they offer the only means to test and refine them. A theory is
always developed, directly or indirectly, by building on existing instrumental find-
ings. No theory comes out of nowhere. And without the tools to create and verify
theories with real-world evidence, they remain speculative—like string theory and
the multiverse.

Ultimately, both popular narratives—of a lone genius striking a fortunate flash of
serendipitous insight or deducing fundamental truths through abstract thought—
make science feel exciting and almostmagical. By studying discoverers systematically,
a different and more grounded story emerges: science’s major discoveries are catal-
ysed by new tools of observation and analysis and building on experimental work
that enable the surprising insights. Surprise and insight can often be engineered. Here
we provide a breakdown of the different types of discoveries and people’s often sim-
plified view of how science progresses (seen in Figure 6.3). Ultimately, we find that
most of science’s over 750 major discoveries are experimental breakthroughs (60%),
followed by method innovations (25%), and finally theoretical advances (15%). The-
oretical advances awarded a Nobel prize are largely concentrated just in theoretical
physics and theoretical economics—and are extremely rare, or non-existent, in fields
like medicine and biology.

Ultimately, without robust methods and tools to detect or measure, theories can-
not generally be developed or tested but also more funding and collaboration are
not enough, and serendipitous observations are not possible. Nothing can substi-
tute tools in detecting, measuring and revealing surprising new discoveries. While
the role of factors varies by discovery, tools are commonly the decisive factor—the
common driver we must directly apply to be able to spark the breakthrough. Major
advances oftendonot come fromwherewe commonly look, but fromwherewedonot
commonly look—the methodological setup. Methods generate questions, data and
evidence, and theories help shape the questions and interpret the data and evidence
we generate.
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Remarkably,many thinkmethods and tools are stepping stones—serving their pur-
pose until we create a discovery or theory, and are then forgotten. Yet we must learn
to see our major methods as the core of scientific progress itself, and our discoveries
and theories not as the final goal but as provisional outputs—providing provisional
explanation and understanding. But they are always subject to refinement as we keep
improving our methods that enable new evidence. The hope here is that we no longer
just value science’s major discoveries and theories as the pinnacle of science, but
recognise science’s great methods and tools of discovery as highly, if not more, as
they make them possible in the first place.

New tools stretch our imagination and provide an intentional
strategy for innovation—beyond the more unpredictable

role of creative intuition

How we conceive reality—cells, molecules, galaxies, cosmic radiation—is largely
shaped by how our tools let us see them. Scientific creativity and imagination expand
not just by closing our eyes, but especially by opening them and looking through
powerful instruments. These tools reveal entirely new structures and patterns in the
world we could never have conceived with the naked eye and just thought: x-ray crys-
tallography uncovered the elegant double-helix spiral structure of DNA that Watson
and Crick modelled after observing the diffraction pattern.(1) The Hooker Telescope
at MountWilson Observatory enabled Edwin Hubble to observe galaxies beyond the
MilkyWay and the universe expanding—unimaginable concepts before telescope res-
olution advanced.(2) Functional MRI scanners exposed real-time mapping of brain
activity via blood flow, revealing the brain areas involved in memory, vision, emo-
tion or decision-making. In other words, we could not imagine how the brain works
in such ways but we directly saw it in real time. Particle accelerators uncovered
the traces of particles observed in high-energy collisions. Automated DNA sequenc-
ing and sequence-tagged site maps revealed the human genome—an unconceivable
genetic code consisting of three billion letters.(113) These discoveries make up central
pillars of science—how we understand life and the universe—and they did not form
from just deep introspection, but fromwhat our extraordinary tools see andmeasure.
This is a key insight that has been overlooked.

Imagination is limited to what the mind can conceive—but tools vastly expand
what is observable and thus conceivable. If we cannot measure something, it is hard
even to conceive of it scientifically—and our tools are what enable us to measure.
Tools do not just confirm ideas, they generate them. Scientific progress has commonly
stalled when tools stagnate, regardless of imagination: fields like theoretical physics
and theoretical economics plateau when they lack new applied methods to explore
and test models.

Today, the greatest leaps in science have emerged largely from our external interac-
tions with tools, not just from internal introspection. Scientific tools are often thought
of as just answering our questions, but they actually generate more new questions we
did not even know to ask. Tools turn the unknown into the visible and imaginable.



160 THE ENGINE OF SCIENTIFIC DISCOVERY

Scientific creativity emerges largely outside the mind: from what our tools see, detect,
measure, simulate and model. They have vastly expanded the very space of creativ-
ity itself. This is the key difference, because outside of science, creativity can often
spring from within—the imagination of the artist, poet or composer expressing an
inner vision through pens, paintbrushes or musical instruments.

With the lens of instruments driving what is imaginable in science today, let us
look at how we develop our remarkable instruments. Science’s powerful tools do not
emerge from sudden creative sparks but rather inventors describe how they run into
the limits of a current tool and work systematically to overcome the methodological
bottleneck (as we highlighted earlier in this chapter and in the Boxes throughout the
book). What inspires developing science’s top tools is not just creative intuition. It is
instead practical needs: increasing the power of microscopes, boosting the efficiency
of particle accelerators, optimising the sensitivity of spectrometers, strengthening
the robustness of statistical methods, sharpening the resolution of chromatography
techniques and so on. Innovation and curiosity start when hitting a methodological
wall.

When screening science’s major discoveries, we find that recognising a constraint
to a current tool commonly involves systematic steps: we design and experiment with
prototypes of the tool, gather resources, leverage emerging technologies, test how
effective the new tool is or at times bring together methods and collaborations from
different fields. Systematically, we can trace these observable steps in the discovery
process—but not always an individual creative idea. Tool generation is a practical
strategy—requiring problem solving and often trial and error—that has proven very
successful by upgrading, integrating and reorganising existing tools into something
more powerful.What is called an individual’s creative innovation can be better under-
stood here as strategic development or recombination that different researchers can
adopt; these strategic steps can be thought of as intentional or systematic creativity.
Hundreds of discoveries emerge by applying a new lens, sensor or technique or by
importing a new tool from one field into another or merging two methods from dif-
ferent fields to solve a problem in an entirely new way (Chapter 1). It does not matter
if we label this systematic or imaginative thinking. These are powerful strategies we
have in our hands to intentionally drive innovation—while creativity can play a role
in forming hypotheses, concepts and interpretations.

Tool creation underscores a deliberate design: we find that, first, science’s transfor-
mative tools are born from necessity, not creative intuition; and secondly, science’s
major discoveries depend more on intentionally designing and applying new tools
than the creative insights that the tools can enable. Unlike creativity that is often
seen as elusive, generating and applying tools embodies the most deliberate, strategic
and measurable part of science. Tools make science cumulative, reliable and repli-
cable because they allow other researchers to arrive at the same findings using the
same techniques. Even the most celebrated creative insights of Einstein, Planck, Dar-
win and others were only possible because of the tools and methods they directly
or indirectly relied on, as we highlighted earlier. Here we reframe scientific progress
as an active pursuit of building and using new lenses to the world, outlining a
more practical strategy than the notion of creative genius. We find that discovery is
far less about stumbling upon ingenious, unpredictable insights and far more about
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engineering insights by constructing better ways to see, sense and think about the
world. Scientific progress is less about intangible brilliant minds andmore about tan-
gible brilliant methods that make those surprising insights possible in the first place.
Building the sharpest lenses enables the brightest insights and theories to arise. The
more intentionally we build, the more imaginatively we can think.

With this tool-driven understanding of discovery, researchers can become aware
and begin solving method limitations we face. With each new tool we use, our ability
to see, generate ideas and our imaginative potential grow. Here we shift the tradi-
tional idea of creativity—often associated with an individual mind, as in art, music or
literature—to recognise that in science today, creativity is instead largely driven by our
tools that transform howwe see, think and imagine—and do so formultiple researchers.
In many ways, tools have become the central engine of creativity and imagination
in science, fuelling our capacity to ask completely new questions and solve entirely
new problems like nothing else can. The best strategy we have to foster creative
insights is commonly upgrading the tools with which they can arise—just as with
serendipitous insights (Chapter 2). So if one thinks of creativity as the spark for some
discoveries, then tools are the fuel that enable the creative insight. There are some
exceptional cases—most notably in theoretical physics—where concepts have been
developed like gravitational waves and black holes, by applying sophisticated meth-
ods like tensor calculus and building on existing findings using interferometers and
telescopes.

While we cannot force new breakthroughs, we can play an enormous role in
actively spurring them by directingmuchmore attention to improving our tools. This
brings a powerful shift in how we think about innovation: we should not wait for it
to happen—we need to design and build our way to it. This moves us from just cel-
ebrating lone geniuses—a concept especially of past centuries—to empowering the
method-makers who drive progress. The concept of scientific genius in earlier eras
centred on theoretical insight—as exemplified by Einstein as the most iconic scien-
tist in history. But science has become increasingly tool-driven so that science in the
future will arguably shift the focus to our extraordinary toolmakers—the great and
brilliant researchers who make new theories possible. We need to replace the tradi-
tional view of discovery as a product of solitary genius—imaginative and theoretical
minds—with the tool-driven view of discovery. Even if the romantic mind view feels
more inspiring than the mechanical, replicable tool view, the core power of science
shifted over time from our minds to the sophisticated tools of science. For tools like
electron microscopes and x-ray crystallography vastly surpass the human mind in
perceiving, testing and sparking theories about the world.

The new methods-driven discovery theory

‘No theory exists that can reliably predict which research activities are most likely
to lead to scientific advances’, as the National Research Council in the United States
confirms.(58) Yet by drawing here on the evidence from science’s major discoveries,
we introduce a new framework: the new methods-driven discovery theory. What the
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theory explains is simple but powerful: new methods and tools unlock new discoveries
by enabling us to see, measure and understand the world in ways that are impossible
without them. The theory explains how new breakthroughs are preceded by a leap in
the way we access and understand the world through new methods. Earlier, we high-
lighted diverse strands of evidence illustrating this causal tool-to-discovery link across
science’s greatest breakthroughs that were otherwise not possible (in Chapter 1’s
section on causality).

A core insight in society and an economy is that major advances in human well-
being and development are commonly fuelled by technological changes that stem
from deliberate human choices—from light bulbs to phones and channelling solar
energy.(259–261) Here, we uncover in science thatmajor discoveries and fields are pow-
ered by method innovation that arises from the intentional decisions of researchers
to craft and deploy new tools. New advances emerge when we do not just produce
research with the same existing tools but shift our very means of producing research
by adopting new tools to create knowledge from an entirely new perspective. It is
no coincidence that the driving force of major advances in society and an economy
(new technologies) is so similar to the driving force ofmajor advances in science (new
scientific methods and tools).

Before we go further, let us return briefly to the definitions of the central terms here.
Major discoveries are defined as new breakthroughs that mark entirely new ways to
understand the world, open new paths of inquiry and later have a proven, lasting
impact on science—such as uncovering the structure of DNA and exoplanets. Scien-
tificmethods are systematic techniques, and scientific tools are systematic instruments
that we use to study the world and extend our ability to observe, measure and analyse,
and are general-purpose. The newmethods-driven discovery theory is thus straightfor-
ward: not only does it explain our past breakthroughs, it improves predicting future
ones. When we invent, upgrade, combine or adopt a newmethod or tool, we can pre-
dict where discoveries can come from next, and when. It is about tracking the speed
and direction ofmethod innovations: this enables us to spot strong signals that discovery
is soon to follow. The signal can come from a recently invented computational method,
an upgraded particle accelerator, an advanced spectrometer combined with AI-tools, or
a new experimental method adopted from another field. Each helps us anticipate where
the frontiers of science can soon move.

So the theory enables prediction: if a major new method or tool is developed, then
the likelihood of new discoveries rises sharply (Figure 1.8). The theory predicts that
making amajor tool innovation sharply increases the odds of sparkingmajor scientific
advances—and more than other factors across science. We directly tested the theory
across fields and history, finding strong and consistent evidence (Chapters 1–5). It
is assumed in the discovery process that supporting factors—including our cognitive
abilities and a minimal level of funding and collaboration—are in place to generate
needed tools and research.

New transformative method innovations unlock new discoveries and fields
through five key stages:

• Method constraint: generally, we run into a practical problem we cannot solve
when using a current method or tool to study a phenomenon.
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• Method scanning: next, we need to scan our own field and related disciplines for
a method or tool that can tackle that constraint (and if none exist, we go to the
next stage).

• Method conceptualising: at this point, we require conceiving a new method or
tool designed to solve the constraint, expanding our cognitive or sensory scope.

• Method development: we need to then test, retest and scale up prototypes of the
new method or tool, enabling us to explore the world in fundamentally new
ways.

• New methods-driven discoveries and fields: finally, we require applying the new
method or tool to trigger new findings and advances.

Take for example the extraordinary discovery of detecting gravitationalwaves in 2015.
No tool was yet sensitive enough to reveal them. Researchers set out to develop an
expanded massive laser interferometer, the LIGO detector. Uncovering the discovery
that same year came down to an incredible methodological feat: they designed detec-
tors thousands of kilometres apart that operate together with almost unimaginable
precision—measuring a change in distance between the detectors’ mirrors 1/10,000th
the width of a proton (Figure 6.4). The high-precision instrument gave us a new win-
dow to the universe. Just two years later, the discovery earned a Nobel prize—one of
the fastest recognitions in Nobel history.(115,138)

Understanding new tools as the key causal driver of breakthroughs offers a new
way to understand scientific progress. Drawing from the general analysis of science’s
over 750 major discoveries, the evidence lays the foundation for this general theory of
discovery. While we described the practical features of this newmethod-to-discovery
view earlier (in the section on the role of theories), here we distil its deeper features.

• The theory outlines how new methods and tools are a necessary condition for
major discoveries, and commonly the central driver—they are the common thread
driving our biggest breakthroughs across science and history. While supporting
factors—like education, institutions and psychological features—foster break-
throughs, they vary by discovery. Without a new method or tool to detect or
measure, no amount of funding, collaboration, training or luckwill enable a new
breakthrough, and theories need them to be meaningfully developed or tested.
We spark significant shares of discoveries without these other factors—factors
that are more context dependent and not always necessary (Chapters 4 and 6).

• It is an explanatory and predictive theory of scientific progress that holds across
time and fields. It explains the causal mechanism of howwe accelerate science—
the pace of generating new methods is key to forecasting future breakthroughs
they make possible.

• It explains hownewmethods are powerful in disrupting research becausewe can
apply methods widely to topics beyond their initial scope. Unlike theories or find-
ings often bounded by context, methods are more transferable and stable when
we import them into unexpected domains—such as transformational statisti-
cal, computational or experimental methods. They better defy disciplinary silos,
empowering us to break free from a field’s inherent assumptions and provide an
entirely new lens.
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• It may arguably be, through the new method-to-discovery logic, the closest we
can get to a unified theory of science or scientific progress.While disciplines differ
widely in content and culture, they are consistently powered by the same engine:
new methods. If a universal theory or principle exists that cuts across physics,
biology, chemistry, psychology andbeyond, it does not reside inwhatwe study—
but in how we study the world in new ways (Chapters 1 and 9).

Surprisingly, examining science’s major discoveries we find that we cannot spark
them by just observing, experimenting or theorising using an existing method, but
method innovation is essential (Chapter 1). For the increased power of a tool gener-
ates new conditions for what we can observe, experiment and theorise—with greater
complexity, precision, quantity, temperature, energy and pressure. New major tools
commonly produce large positive externalities far beyond the original discoverer or
research team: they spill over to other scientists in the same and other fields. At times,
new tools are repurposed to generate awave of discoveries across disciplines that their
inventors never imagined (Chapters 1–5). Take the simple PCR method: it acceler-
ated the sequencing of the human genome, transformed forensic science and enables
rapid medical diagnostics like HIV, tracing ancient DNA in palaeontology and track-
ing ecological evidence of biodiversity through soil and water. Strikingly, none of
these applications were foreseen by its creator, Kary Mullis.(128) And yet paradoxi-
cally, researchers do not often capitalise on these spillover effects, because research
is focused on experimental results and theoretical insights—not tool inventions. But
our methods are what connect our experiments to discoveries, our data to theory.
This tools-first view flips the traditional narrative of discovery: it shifts the core source
of scientific change from scientific advances to method advances that enable them. It is
inventing new tools that has been the missing link in explaining new breakthroughs.

This new tools-driven discovery principle represents a general rule for trigger-
ing breakthroughs. It is a general logic of discovery in which scientific progress
is broadly driven by method innovations—not narrow methodological rules that,
applied correctly, would spark breakthroughs (Chapter 2). This tool-first principle
of discovery moves us beyond leading explanations in understanding discovery:
historians like Kuhn emphasise paradigm shifts in theoretical frameworks as the
central parameter driving science,(15,16) scientometricians and network scientists
point to team dynamics, careers, research productivity and networks,(3,4,9,14,38,39)
economists stress funding and incentives(6–8) and sociologists like Merton focus on
social dynamics.(262) Each plays a role in some but not other advances. No explana-
tion has yet established the commonmechanism sparking science’s major discoveries
and highlighted the direct, key role of new methods and tools (Chapter 1).

So why do historians and philosophers emphasise the importance of theories as the
central metric of scientific progress? Why do scientometricians highlight scientists’
citations, economists stress public investment, psychologists turn to creativity and
serendipity, and so on? The answer lies in the nature of their ownmethods and train-
ing, with each field’s research gravitating towards a particular metric that shapes the
questions they ask and the kinds of answers they can see.(82) Researchers are trained
to see with certain lenses—but not others. That is why stepping back and adopting a
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more comprehensive perspective is so important. Here, the integrated approach we
adopt enables us to overcome shortcomings of relying on one method or factor, to
uncover the broader insights of how breakthroughs actually emerge (Chapters 1–6).
Ultimately, a theory that aims to explain scientific progress must place new tools at
the centre of focus.

Scientific table of methods: mapping and fusing methods
and tools of discovery

How does the new method-to-discovery model make us think or rethink about
how science is structured? Mendeleev transformed chemistry not by discovering a
new element, but by developing a new structure: the periodic table. He arranged
the elements—by weight and chemical resemblance—so his students could better
understand their properties. This remarkable new structure led to predicting and
uncovering unknown elements. Similarly, science is organised to make it more acces-
sible. Science textbooks categorise fields into neatly bounded disciplines—physics,
chemistry, biology, psychology, history—and present the scientific method as ‘the
collection of data through observation and experiment, and the formulation and test-
ing of hypotheses’ (Chapter 3).(196) This traditional architecture is widely adopted
across science. But is it a natural categorisation of science? It is simply one among
other ways to structure science. In fact, it can constrain us by overlooking two key
features of how science actually works and progresses: first, the sophisticated meth-
ods and tools that do heavy lifting behind science’s advances; and second, science’s
often interdisciplinary nature. We need to restructure the scaffolding of science. So
what if we restructure science not just around its subject matter or its abstract ide-
als, but also around the practical methodological structure that drives science and
unlocks discovery? Here we tackle this question.

To begin, what are the most cognitively demanding methods and tools in science?
At one end of the spectrum, we find complex modelling and simulation methods—
techniques that demand elaborate formalisation, iterative refinement and greater
abstraction. Whether modelling climate systems, biological processes or economic
behaviour, these methods force us to make critical decisions that shape our findings:
what should we simplify, exclude andmathematically represent?Mathematical meth-
ods like calculus and algebra demand much theoretical reasoning, often far removed
from everyday intuition—think of Newton’s laws expressed using calculus.(263) Sta-
tistical inference methods, too, are cognitively intense and involve navigating multiple
layers of complexity. Moving from raw data to robust conclusions and predictions
demands using methods like frequentist hypothesis testing, Bayesian inference and
regression analysis—all requiring reasoning about uncertainty, probability and mar-
gin of error in the results. These methods continuously evolve, with ongoing debates
over p-values, effect sizes and, more broadly, the replication crisis driving their
refinement.(187,189) In turn, quasi-experimental methods are used when controlled
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experiments and randomisation are not feasible. In fields like epidemiology and eco-
nomics, researchers can at times rely on natural experiments or instrumental variable
methods to approximate causal effects from real-world data.(264) By contrast, con-
trolled experimental methods—like randomised controlled trials—are built on clearer
foundations but remain cognitively heavy, requiring careful technical judgment in
isolating causal effects and managing bias.(234)

Sampling methods are central in data-driven science and occupy a unique method-
ological middle ground. Take well-designed longitudinal studies that follow the same
individuals over time—these demand meticulous planning to minimise problems of
representativeness, attrition and weighting the sample. Dealing with small popula-
tions or big data makes study designs more complex and increases cognitive load.
We then move to experimental tools—such as centrifuges, PCR and chromatography
devices—that uncover data not directly accessible to our senses. Their output often
later feeds into statistical analysis, even if operating the tools can at times become
routine with practice.

At the other end of the spectrum lie indirect observational ormeasurement tools, like
x-ray crystallography and spectrometers. These instruments enable us to infer struc-
tures not directly observable like atoms and molecules—such as DNA’s double helix.
In lab settings, their use can become streamlined and routine through standardised
protocols. At the simplest conceptual level are direct observational or measurement
tools—light microscopes, telescopes, thermometers—that extend our sensory reach
in intuitive ways resembling human senses. They do not demand deep abstraction
but amplify our senses, making them generally cognitively simple. This continuum
highlights a rich hierarchy of cognitive demands: from many methods—like com-
plex experimental methods driven by elaborate statistics—demanding several years
to master and complex decisions in each study, to some tools that require much
less effort and minimal training to use—like light microscopes and thermometers.
Many education systems reflect this gradient, introducing observational tools early
and progressing towards more complex methods.

So why do serendipitous discoveries tend to arise from new tools, not from new
methods? This classification here sheds light on this fascinating pattern. Physical
instruments like microscopes and x-ray methods can suddenly reveal what no one
knew existed, often differing fundamentally from mathematical and statistical meth-
ods, often leveraged to understand, quantify and predict phenomena after we uncover
that they exist. Unlike a sudden serendipitous observation, breakthroughs grounded
in statistics and mathematics often emerge from slower, more deliberate cognitive
effort (as we uncovered in Chapter 2).

To better guide howwe catalyse innovation across science, we develop here a taxon-
omy of science’s methods and tools—a kind of periodic table of methods. Surprisingly,
no framework yet exists that systematically maps methods and tools across science—
from telescopes to t-tests. By mapping the method landscape, the taxonomy reveals
gaps and possibilities—helping guide where underused or unused techniques can be
applied to catalyse discovery in unexpected domains. This science-wide classifica-
tion can also offer researchers, educators and innovators a structured way to think
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and rethink about the range of scientific methods and how we can link, adapt and
recombine them in innovative ways to generate new kinds of knowledge. We can
classify—and compare—each method and tool by:

• Type and purpose: we differentiate between physical instruments (like micro-
scopes) and analytical methods (like randomised controlled trials). We also
categorise them by their function (observational, experimental, statistical) and
their sub-categories (like direct or indirect observational tools).

• Interdisciplinary scope: we categorise how transferable methods are across
domains—from field-specific impact (like radio telescopes) to interdisciplinary
impact (like microscopes and PCR) and even (nearly) universal impact (like
statistical and AI methods).

• Cognitive demand: we distinguish across the range of methods, with some tech-
niques requiring increasing analytical effort, constant refinement and much
judgment (like complex statistical modelling) while some tools are increas-
ingly standardised and intuitive across researchers (like light microscopes)
(Table 6.2).

Key insights emerge from this classification of science’s toolbox. One, the taxon-
omy can help accelerate discovery by guiding us to scan for powerful tools from other
fields—tools that have surprisingly not yet been adopted in neighbouring domains.
Understanding how specific tools have unlocked breakthroughs in one field helps
us pinpoint what kinds of tools are underused or entirely missing in other fields—
revealing unexplored territories where our current methods fall short. The solution
to a problem in one discipline often already exists in another—as we highlighted
in Chapter 1. Two, the taxonomy reveals which methods are most versatile and
high-impact across fields, helping institutions and funders allocate resources and set
research priorities more strategically towards the most adaptable, scalable and effec-
tive methods. Three, it can help overcome an overreliance on one or a few familiar
methods—biasing research directions when other powerful tools are often available.
Four, the taxonomy can open a new meta-research agenda—one that tracks method
diffusion in and across fields (or failure to diffuse) and identifies bottlenecks in inno-
vation andwhat factors enable or stifle the spread of transformative tools. It opens new
avenues for interdisciplinary work and training, where researchers are methodologi-
cally multilingual and canmove across domains fluidly.(82) While not all methods are
transferable, many are far more flexible than we assume.

In short, asMendeleev’s periodic table revealed hidden relationships among chem-
ical elements, a taxonomy of scientific methods can help reveal powerful methods:
uncover underusedmethods outside disciplinary borders, expose gaps in themethod
landscape, spotlight new combinations of tools and realise opportunities to rein-
vent new techniques—ones that can unlock the next big advances. Science’s best
innovators and discoverers have stumbled across these approaches—for a partic-
ular breakthrough—but now we can intentionally pursue them head-on: within a
systematic methodological framework and strategically extending our methods of
discovery. Think of how medicine and public health have generally far outpaced
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This taxonomy is developed here based on the methods and tools used to spark science’s over 750 major discoveries—featured throughout the book—and includes how
broadly they are used across fields. Some tools and methods—like lasers and machine learning—can fall into different categories, with lasers for example applied as both an
observational tool (laser interferometry in physics) and an experimental tool (surgical lasers in medicine). Experimental methods—like controlled trials—produce data that
flow into statistical analysis, linking experimental design with statistical inference. *Some tools are often described as methods or techniques, such as PCR and CRISPR, and
vice versa—though these are not methods in the abstract sense like statistical inference. ∗∗Some mathematical methods are used without relying directly on data but
indirectly on previously collected data and findings. Methods can also be further classified by features like scalability, automation, reusability, precision, data type and known
limitations.
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neighbouring fields in pioneering rigorous, scalable methods: from randomised con-
trolled trials (RCTs) to meta-analyses and natural experiments. The RCT method is
so powerful that adopting it later to economics received a Nobel prize.(133,135,265) Yet
many fields still rarely take advantage of the remarkable RCT method. Imagine its
underexploited capacity in the science of science, evaluating the effects of changes in
researchers’ methods, universities or fields on their impact—or in environmental sci-
ence, assessing pollution-reduction or forestation programmes across countries.(82)
Many opportunities hide in plain sight.

Ultimately, a scientific table of discovery methods is a map of explored and unex-
plored method options that can help identify and predict untapped combinations of
tools andwhere the next breakthroughs can come from. It captures several key features:

• Like elements in the periodic table, scientific methods and instruments can be
thought of as foundational units.

• Just as we combine elements from the periodic table to create entirely new com-
pounds, we can fuse a vast array of tools across our method landscape to create
new compound methods that trigger breakthroughs.

• Just as there is no fixed number of chemical compounds we can form from over
100 known elements, there is no set limit to the number of powerful composite
methods we can invent from science’s developed methods and tools.

• We can bind, mix and match two elements or methods, or three, four or more.

Techniques like randomisation, blinding and/or placebos for example can be fused
together to form stronger controlled experiments; their outputs then feed into statis-
tical analysis; these in turn can be aggregated through meta-analysis—each method-
ological element linking together, like Lego pieces, towards greater scientific rigour.
The key insight can be powerful: each fusion is a potential catalyst for discovery. Many
combinations are remarkably straightforward: most methods and tools generate data
(imaging tools, PCR, surveys) that can be linked to those that process and analyse
data (statistical inference, machine learning) and to those that model behaviour and
systems (simulations, mathematical models), and so on.

The combinations are nearly endless—AI methods plus spectroscopy; MRI plus
statistical and computational methods; lasers plus machine learning methods; the
CRISPR method plus Bayesian inference or simulations (across populations or
species); the PCR method plus network modelling (of how viruses spread), and so
on. Exploring science’s major discoveries, we can imagine countless fusions that hold
high potential: combine chromatography withmachine learning to predict new com-
pound structures or optimise separations through learned molecular patterns. Link
radio telescope data to quasi-experimental and causal inference methods to separate
astronomical signals from noise and distortions. Connect centrifuges to AI imaging
to train models to detect abnormalities in samples, and so on (Table 6.2).

What are other ways a scientific table of methods can help bridgemethodologically
siloed fields and spur innovation? For researchers with open minds, the possibilities
are immense. On one end, data-driven fields that rely heavily on statistical modelling
and large datasets—from economics to the science of science—could benefit enor-
mously from adopting a range of physical tools. In medicine, for example, wearable
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devices like smartwatches transformed how real-time data are collected on patients
to track heart rate, sleep, blood sugar and other health risks.(266) Why not apply this
same remarkable technology across the economic and social sciences to run exper-
iments that monitor consumer decisions under stress in economics and emotional
states in psychology? Why not increasingly employ neuroimaging tools like MRI to
observe how the brain can react to incentives, risks and cooperation or use advanced
facial recognition to help interpret emotional responses to economic decisions?(267)
These tools could push towards an era of embodied social science, where we do not
just study human behaviour, but track its physiological and neural foundations in
real time. By expanding our toolbox, highly data-reliant fields can evolve beyond sta-
tistical inference and abstract models to collect other rich, real-world experimental
data.

Another novel example is systematic meta-analysis—a method that synthesises
findings across independent studies to reveal overarching trends. In medicine, this
method has become indispensable to determine the overall effectiveness of treat-
ments. But why not leverage this transformative method across many fields? It would
have a vast impact if fully exploited across fields, from scientometrics and economics,
to the science of science and even philosophy of science. For it helps fields move from
isolated results scattered across individual papers—or even entire domains plagued
by conflicting or inconclusive findings—to establishing greater consensus by synthe-
sising a field’s broader findings.(265) Surprisingly, this often reflects low-hanging fruit
for generating more reliable, cumulative knowledge—the method is already available
and just needs to be applied.

On the other end, tool-driven fields that rely heavily on physical instruments to
make observations andmeasurements could advancemore rapidly by better harness-
ing more complex statistical, computational and AI-based methods.(268) Take fields
like biology, chemistry and geology that generate images taken with tools like micro-
scopes, x-ray devices, spectrometers and telescopes. Advanced image analysis tools
powered by deep machine learning can rapidly analyse images to detect and inter-
pret previously hidden patterns in vast datasets across fields—patterns invisible to the
human eye.(269) Take simulation techniques that have been transformative in fields
like climate science, computer science and economics.(90,268) Why not increasingly
use cutting-edge AI technology to simulate, model and predict complex systems and
processes across fields? Imagine unexplored frontiers across every domain: in the sci-
ence of science, why not aim to predict how new methods and discoveries spread
or how these changes impact new innovation? In public administration, why not
simulate the dynamics of institutions and government crises? In philosophy of sci-
ence, why notmodel scientific knowledge, practices and communities to see how they
gain and lose prominence over time? And so on.

If we intentionally cross-pollinate tools and export methods across disciplines, the
very structure of scientific knowledge could change. In the future, we may conceive
and define disciplines not by what they study but by how they study: by common
method and tool clusters. From this method lens, we can already see this in our
current scientific landscape. Think of physics, a field that conducts vast research
across domains spanning the sciences—from biological systems, ecological networks
and weather prediction models, to quantum biology, neurophysics, computational
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chemistry, machine learning and the science of science. These are not studied because
they are inherently ‘physical’ topics, but because physicists often receive more rig-
orous training in quantitative methods including mathematical and computational
modelling, differential equations and network analysis, and in instruments includ-
ing lasers, particle detectors and high-resolution imaging tools. These equip them to
model and simulate complex systems across domains. The reach of physics is defined
not by topics, but by the power and portability of their methods that unite these
applications.

Take also economics, a field that conducts studies on nearly all domains across
the social sciences—from happiness, crime, racial bias and political polarisation,
to education, transportation systems, energy and climate change. Again, it is not
because these topics are intrinsically ‘economic’, but because economists often
have more extensive training in statistical and causal inference methods—including
regression discontinuity designs, instrumental variables, and randomised experi-
ments. These empower them to quantitatively analyse complex social phenom-
ena. Often far from economic or physical theory and far from formal training
in the topics they study, it is statistical and mathematical methods that provide
the common thread across these diverse applications. Physics often appears to
dominate the natural sciences, much like economics dominates the social sci-
ences. Yet within this method-driven framework here, we can see what actu-
ally drives this remarkable dominance in science: exportable methods, not sub-
ject matter. Powerful tools and their combinations are often the key elements
driving progress, not just theory or subject matter. The frontier of science is
commonly the unexplored and empty spaces in this evolving periodic table of
methods.

A deeper insight emerges here about path dependency in science: the discoveries
we have achieved so far were made possible by the tools we have come up with so
far. The very trajectory of science is shaped by what we have had at our disposal to
measure, see and test. If we had created different—or more—methods up to now, sci-
encewould likely have developed in different—ormore—directions. Someof science’s
leading methods, from statistical methods to randomised controlled experiments,
could have turned out differently from how they did. Placebos, double-blinding,
p-values or meta-analyses are not inevitable and the only methodological solutions
to the problems they help address.(234) Had we invented other techniques first, our
understanding of evidence and causation may look different today. Our methods
of science are created under particular constraints to solve particular problems.
And just as our methods are invented, they have evolved, been merged and vastly
expanded—and will turn out differently from how they currently are. Recognising
this fact is critical: the future of science hinges not just on new data or new theories,
but on our capacity to invent bold new methods. (Yet methods are certainly not arbi-
trary as they commonly produce consistent, rigorous findings and technologies that
improve our lives.) This opens our minds to the undetermined power of the meth-
ods we create and the possibility of generating a range of previously unimaginable
methods to tackle new real-world problems and challenges we face.
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Methods labs andmethods hubs: why we need to establish
global incubators of innovation

Small, unexpected connections between method-curious researchers can prove
important. Ernst Ruska, who created the groundbreaking electron microscope
(Box 1.1), had interactions with Max von Laue, the inventor of x-ray diffraction
(Box 1.2). Kary Mullis designed the extraordinary PCR method while working
at the biotech company Cetus whose co-founder was Donald Glaser, the pioneer
behind the bubble chamber (particle detector). Glaser was intrigued by the poten-
tial of molecular biology that was making exciting new findings, so he made the
rare shift from physics to establish this biotech company (Box 1.3). Remarkably,
Arne Tiselius developed electrophoresis using the ultracentrifuge that his doctoral
supervisor Theodor Svedberg recently designed, who allowed Tiselius to pursue his
own independent research. And later, Richard Synge—the co-inventor of partition
chromatography—spent a year researchingwithTiselius (Box 6.1). These are not foot-
notes in the history of science—they are catalytic tools that each enabled dozens of
discoveries.

These few exceptional inventors did not directly work together, but what unites
them is that they took place within the same environment that could inspire focusing
on new techniques. These few researchers, with a methodological eye, deviated from
conventional research paths—and in doing so, they reshaped the course of science
through their new tools. Imagine what would happen if such extraordinary, unex-
pected interactions were not the rare exception, but systematically cultivated and the
norm. There is an enormous untapped potential of triggering innovations in tools: we
need to begin intentionally creating dedicated spaces within and beyond universities
around the world where method-focused minds from different fields, backgrounds
and toolkits can converge to invent, merge, adapt and share new methods—what we
call here methods labs and methods hubs.

Just being embedded in a methods hub—surrounded by researchers designing the
next generation of instruments—can inspire synergies andbreakthrough innovations,
even among researchers working independently. By examining science’s major meth-
ods and discoveries, we reveal that Cambridge’s Cavendish Lab stands out as the
best and closest the world has come to a true methods lab. In just a few decades in
the early 20th century, it produced a cascade of world-changing inventions. At the
Cavendish Lab, CharlesWilson invented the iconic particle detector (cloud chamber)
in 1911. Francis Aston constructed the mass spectrograph in 1919. Patrick Blackett
developed the Wilson cloud chamber in 1932. John Cockcroft and Ernest Walton
built an improved particle accelerator that same year. Yet it does not stop there. Pyotr
Kapitsa then devised a method to produce liquid helium at scale in 1934. And Mar-
tin Ryle designed an enormous radio telescope system in 1954. These innovations
did not emerge by chance, but were engineered in an exceptional method envi-
ronment. J.J. Thomson, the Nobel-winning physicist and director of the Cavendish
Lab, mentored Aston, whose mass spectrograph was built on Thomson’s earlier 1913
prototype.(95)
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Across the Atlantic, Bell Labs later served as another hotbed of innovation. In the
span of about four decades, its researchers transformed key parts of science and tech-
nology: Shockley, Bardeen and Brattain invented the groundbreaking transistor in
1947. Arthur Schawlow engineered Doppler-free spectroscopy in 1958. Jack Kilby
pioneered the microchip in 1959. Willard Boyle and George Smith conceived the
CCD sensor in 1970. Steven Chu developed Doppler cooling in 1985. And Arthur
Ashkin devised optical tweezers in 1987.

Other smaller examples include Scripps Research in California, where Benjamin
List invented an environmentally friendly tool for constructing molecules—
organocatalysis—in 2000, and where Barry Sharpless developed click chemistry in
2001. And at Berkeley, Ernest Lawrence built the first particle accelerator in 1929, and
Luis Alvarez created the hydrogen bubble chamber in 1959. All of these innovative
scientists won a Nobel prize for these breakthrough inventions.(95)

The Cavendish Lab—peaking from the 1910s to the 1950s—and Bell Labs—from
the 1940s to the 1980s—were not just two productive labs, they were the two most
prolific methods incubators in the history of science. Remarkably, none of these insti-
tutions was founded with the goal of advancing scientific methods. Yet they became,
for a period in scientific history, the world’s leading methods powerhouses—without
a systematic, science-wide understanding of how transformative tools speed up
progress. These innovations made in the Cavendish Lab—a part of Cambridge’s
department of physics—and in the Bell Labs were all made by physicists—except
for Jack Kilby, an electrical engineer. But the vision of a network of methods labs
worldwide is far broader: it is not confined to physics or limited to any specific
field, but spans across science and connects cross-disciplinary toolmaking and infras-
tructure. Today, no such methods powerhouses exist. The Cavendish Lab, Bell Labs
and also Uppsala Lab—described in Box 6.1—are the nearest we have gotten but
are field-specific exceptions of the past. Yet they made clear that the invention of
better tools can be just as transformative, if not more, than the theories they later
uncover.

Nearly all labs today are problem-driven or data-driven—but tool-driven labs offer
a very different kind of power: they multiply and extend what scientists can do in
tackling problems and analysing data. Just as we build research centres around sci-
entific topics—like climate change or cancer—it is time we equally build methods
centres: incubators of tool innovation designed to accelerate discovery. The goal of
methods labs would be to speed up the creation of cutting-edge tools by fostering
a flexible environment of innovation—by merging, adapting and testing methods
and tools in new ways to solve today’s challenges and anticipate tomorrow’s. Think
of methods labs as method accelerators where researchers can freely explore hybrid
approaches, prototypes and experiment with new tools across disciplinesmore strate-
gically and rapidly. These labs would deviate from traditional, disciplinary struc-
tures, where scientists are often constrained by existing methods and norms within
their fields. These toolmaking labs would be where breakthroughs often begin—
before the experiments and findings can even start. Here we envision how such labs
could be organised—places designed not just to answer scientific questions but to
invent the tools that open entirely new questions and answers in the first place (see
Figure 6.5).
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Core goals
Invent, recombine, adapt and 
reinvent methods and tools to 
unlock unanswered questions
Tackle current method 
bottlenecks that slow or stall 
discovery
Design tools for problems not 
yet fully conceptualised or 
understood
Place tool-making at centre 
stage as a scientific pursuit in 
itself 

Inside a methods lab 

Research focus
Innovative method-and tool-
development and rapid prototyping 
Tool-centred problem-solving as a 
scientific method in itself – creating 
tools enabling discoveries
Merging tools – for example digital 
and physical tools (like AI and optics)
Cross-disciplinary problem-solving 
(like biology with engineering tools) 
Anticipating unmet scientific needs 
through new technologies and 
methodologies 

Researchers
Toolmakers and methodologists
Statisticians and data scientists
Computer scientists, AI and machine 
learning specialists 
Field-specific researchers, engineers, 
innovators
Metascientists studying possible novel 
pathways for discovery

Dynamic environment
Highly flexible workspace – culture of 
open-ended experimentation  
Setting of iterative trial and error, and 
refinement –with fail-fast cycles
Embedded impact evaluation of new tools
Interaction with topic-specific labs and 
platforms to ensure high usefulness of tools 
'Tool programmes' and 'tool fellowships'

Central elements
Streamline methodchains and 
toolchains spanning end-to-end method 
design – from concept to application 
Experimental sandboxes for high-risk, 
high-reward projects and prototypes
Approach problems from all angles –
integrate experimental, computational, 
data-driven perspectives
Design 'recombination tools' –built to 
plug into and extend other techniques 
across fields

Figure 6.5 Creating methods labs as powerhouses of innovation and discovery
The concept of methods labs is developed here by synthesising—and expanding on—patterns
observed in the methods and tools that have been created to trigger science’s over 750 major
discoveries.

Ultimately, it is difficult to even imagine trying to do research or make a discovery
in genetics without methods like CRISPR or PCR, in archaeology without methods
like carbon-14 dating, in neuroscience without tools like MRI, in particle physics
without particle accelerators and detectors, in epidemiology, public health and
applied economics without statistical modelling and controlled experimental meth-
ods. This logic applies across all fields of science. Thismakes the necessity formethods
labs that expand our tools of discovery clear—and long overdue. In short, establishing
global networks of methods labs would not just help speed up the pace of discovery—
it would redefine how discovery can happen strategically by turning today’s method
limitations into tomorrow’s possibilities of discovery.

Box 6.1 A small lab in Sweden enabling many discoveries by devel-
oping the ultracentrifuge and electrophoresis—one of the world’s first
methods labs

It is no coincidence that two of science’s ten great method advances were invented
in the same lab—a modest lab at Uppsala University in Sweden. We now zoom
in on this small lab that made many groundbreaking discoveries possible—before
zooming back out on the broad patterns across science. The story begins with
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Theodor Svedberg, a chemist who studied at Uppsala and stayed there for his
entire career.What inspired Svedberg to build his new instrument was the recently
created ultramicroscope used to study colloids—leading him to call his instru-
ment the ultracentrifuge. The ultramicroscope, designed by Richard Zsigmondy,
enabled studying particle sizes in colloids beyond the reach of light microscopes.
Zsigmondy won the Nobel prize in 1925 for developing the ultramicroscope and
his research on colloids applying it. Yet the ultramicroscope too had limitations
and Svedberg set out to tackle them. In 1924, he constructed the ultracentrifuge,
a powerful tool designed to investigate and measure such microscopic phenom-
ena in far greater detail. He published this breakthrough in a seminal article in the
Journal of the American Chemical Society, earning him the Nobel two years later,
in 1926.(143,270)

How the ultracentrifugeworks is by spinning samples at over 40,000 revolutions
per minute. By generating enormous centrifugal force, this ingenious invention
enabled, for the first time, to separate and study for example blood, proteins and
cells and calculate their molecular weight with unprecedented accuracy. To visu-
alise how the ultracentrifuge works, think of a milk separator: as milk spins, the
heavier components (skimmed milk) are pushed outward and separated by cen-
trifugal force while the lighter components (cream) remain in the centre. This
same principle is also how plasma is separated from blood. The potential of this
new extraordinary tool to advance biochemistry was quickly recognised. Svedberg
then obtained one of few grants available at the time to help further expand his
research, receiving 25,000 Swedish crowns in 1924 (about 123,700 US$ in 2025
prices).(270,271)

In Svedberg’s lab, researchers did not devote their work to one branch of chem-
istry or biology, but rather developed methods and tools to separate molecules—a
true pioneering lab for method advances far ahead of its time. The lab was
extremely progressive, building the tools that would unlock the secrets of life’s
most complex molecules. It uniquely treated methodology itself as a central
research goal.

Just one year after Svedberg crafted his groundbreaking ultracentrifuge, Arne
Tiselius—at only 23—began working in Svedberg’s lab in 1925 (Picture 6.1).
The new ultracentrifuge inspired Tiselius, his doctoral student, who devised
a transformative new method to separate and study proteins using electricity:
electrophoresis.(272) The principle is deceptively simple: place a chargedmolecule
in a fluid and apply an electric field; the molecule moves. He developed this inge-
nious and simple device at a low cost and consisted of a U-tube, a thermostat and
amicrophotometer (Picture 6.2).(273) He published this invention in his 1930 PhD
thesis, Themoving boundarymethod of studying the electrophoresis of proteins.(142)

These extraordinary tools sparked discoveries from lysosomes using the cen-
trifuge, to DNA sequencing using electrophoresis. This small Swedish lab has
had an enormous impact on scientific progress. This method-driven research
environment attracted the attention of the Nobelist Richard Synge—the inven-
tor of partition chromatography, another one of science’s top ten tools. And Synge
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spent a research year with Tiselius at Uppsala in 1946 (Box 5.2).(236) The early
pioneering methods lab—where tools, not theories took centre stage—has unfor-
tunately remained an exceptional rarity in science. Yet in 1958, another nobel-
prize-winning instrument, electron spectroscopy for chemical analysis, was also
born at Uppsala by Kai Siegbahn. Though they did not collaborate, he was pos-
sibly inspired by the legacies of Svedberg and Tiselius in developing cutting-edge
instruments at this institution.(95)

Picture 6.1 Tiselius in the lab.
Reproduced from Uppsala University Library via Alvin.

Picture 6.2 The device Tiselius created for his electrophoretic research.
Reproduced from Hjertén 1988.(273)

Eight pathways to invent and reinvent our methods
and tools—the making of discovery-triggering tools

Wenow turn to what is themost overlooked force behind scientific progress: method-
making and tool-making. With this new method-to-discovery principle, we can begin
to strategically plan and target ways to accelerate science: rather than waiting for
opportunities to arise, we can actively develop new tools and adopt them from other
fields. Innovation in methods follows two primary approaches. The most common
strategy is to extend our tools, recombine them in novel ways or invent entirely new
tools—with capacities never before achieved. The other strategy is to scan other fields
for tools to tap into to solve problems in one’s own field. Yet because science still does
not have the infrastructure set up to systematically foster tool-building (methods labs



178 THE ENGINE OF SCIENTIFIC DISCOVERY

and hubs around the world) and rapidly spread knowledge about new tools across
fields when they emerge, most breakthroughs continue to be made in an ad-hoc way.
There is more chance and less design in discoveries than necessary. (Those readers
more interested in discoveries than how we design methods can skip this section.)

So what general steps increase our chances of breaking new ground? To answer
this, we scan science’s over 750 major discovery-making studies to identify pat-
terns in how method innovations behind them came into being. We uncover eight
key recurring pathways of how we create new methods and tools. To bring these
to life, we illustrate these general pathways using what is often seen as the lead-
ing method across the medical, behavioural and economic sciences: randomised
controlled trials (RCTs). This powerful experimental method randomly divides indi-
viduals into a treatment or control group to isolate and test the causal impact of
for example a treatment, drug or policy intervention. To date, more than two mil-
lion RCTs have been conducted worldwide—on topics from vaccine safety to poverty
alleviation policies.(234) So what are the eight pathways we can take to design future
breakthroughs?

One,we can search other scientific domains for tools that we can leverage and repur-
pose in our own field. Strikingly, the RCT method, first conceived in medicine in
1948, was only adopted decades later in neighbouring disciplines like economics
and psychology.(133,265) When the method was finally imported in the early 2000s, it
sparked a methodological revolution—shifting these fields away from looser obser-
vational correlations towards tighter causal precision.(135) This method transplant
forced entire disciplines to recalibrate their standards of evidence. Two, we can extend
our tools by combining new features from tools within the same scientific domain. In
RCTs, we link blinding techniques with placebos and other controls—design features
that drastically reduce bias. Three, we can expand our tools by combining new fea-
tures from tools in other scientific domains. In RCTs, we can randomise the entire
sample of participants before the intervention even begins—a common technique in
economics but not yet in medicine although often feasible. Pre-randomising partici-
pants ensures more reliable results by balancing background influencers between the
trial groups.(234,265)

Four, we can extend tools by refining a feature. In RCTs, we can adopt not only
common double-blinding (where participants and clinicians are unaware of who the
treatment is assigned to), but also employ triple blinding or even full blinding. This
ensures that all individuals involved in a study are blinded, including the data analysts
and administrators. Nobody then knows which group the participants are assigned
to as each individual can unconsciously influence and bias results at each level.(234)
Five, we can expand tools by developing an entirely new feature. Rather than testing
just one intervention at a time, RCTs can compare multiple treatments side by side.
Imagine a trial comparing increased exercise, improved diet, not smoking and amed-
ical treatment simultaneously. This allows researchers to evaluate not just whether
interventionswork, but also reveals which combinations aremost effective in improv-
ing our lives. Six, we can invent a completely new tool through major innovations
(at times in pathways two to five). Remarkably, the RCT method itself is such an
invention: an extraordinary convergence of design features into a powerful, aggre-
gatemethodology.(133) Imagine theAI-drivenRCTswe can conduct: patients could be
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randomly assigned for example to either receive a diagnosis from a traditional physi-
cian using conventional tools, or from a physician using an AI-assisted diagnostic
system—trained to detect likely disease patterns using data from thousands of similar
cases. The trial would not just test the treatment, it would test the tools of diagnosis
themselves.

Seven, we can critically identifymethodological constraints, assumptions and biases
of our tools—and then design strategies to reduce them. These strategies in RCTs
include testing a new treatment against both a placebo and a conventional treat-
ment to improve the relevance of the findings. They involve fully reporting both the
treatment’s positive and negative effects and clearly assessing how generalisable the
findings are—how the results apply beyond the trial context. Eight, we can detect
cognitive, sensory and social constraints and biases we face—and then devise new tech-
niques to minimise them. In RCTs, we apply experimental controls, randomisation,
intention-to-treat analysis, and blinded peer review—each helps tackle deeper human
error and bias.(234,274) Ultimately, through continual methodological innovations, the
RCT method has become one of science’s most remarkable methods for protecting
our lives and improving our health—by assessing medications, cancer therapies and
countless other interventions.

These strategies reveal a powerful insight: method innovation is not a rare cogni-
tive moment, it is a systematic process. When we treat method-making as a central
research goal, we can actively design discovery itself. There are countless opportu-
nities to stretch and upgrade nearly all existing tools through vast combinations of
features across disciplines. The sheer number of unexplored method configurations
is enormous—especially when we think of the vast range of techniques across the
experimental, statistical and computational sciences. Entire domains are unlocked by
rethinking how we configure the tools we already possess—and new tools we design.
Yet any path we take requires shifting our focus to leveraging tools in new ways that
open new avenues of exploration (Figure 6.6).

New 
discoveries 
and fields

1) Cross-domain adoption: scan other scientific fields for new tools to
adopt in one’s own field.

2) Intra-disciplinary combination: merge new features from tool within
the  same scientific domain.

3) Cross-disciplinary combination: integrate new features from tools in
other scientific domains.

4) Feature upgrade: refine a tool’s feature.
5)Feature development: design an entirely new feature for a tool.
6)Tool invention: create a completely new tool through major innovations

(sometimes in measures 2–5 and other times independent of them).
7)Method constraint reduction: identify blind spots, assumptions

and biases built into our tools – and create new features to minimise them.
8)Cognitive constraint reduction: detect our cognitive, sensory and

social constraints and biases – and develop new features to decrease them.

Ways we
drive

science:

Figure 6.6 Practical guidelines for how we extend our methods and tools: Eight pathways
The eight pathways were identified by screening the over 750 major discoveries—and they can overlap in
practice. For pathway six—tool creation—we commonly invent a new tool with an objective in mind. But in
exceptional cases, tools are built with no direct aim or necessity at first, created as ends in themselves. The
maser is such an example but this ‘purpose-free’ tool soon found wide application in science.
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These eight practical strategies are not just a map of how past discoveries have
been sparked—they serve as a roadmap for future breakthroughs. Any young stu-
dent or established researcher can use these strategies to drive innovation in their
work. Gaps in our tools do not just stifle progress, we find that they are its core
inspiration. Because the limits of our tools largely determine what we can achieve
experimentally and theoretically, it is crucial to tackle our tool constraints—and do
so more efficiently. There is vast potential here: if researchers begin adopting this
mindset, tool-making may emerge as the most powerful meta-method in science and
discovery. It would shift howwe view scientific innovation: from sudden to systematic
inspiration—from intuitive to intentional design.

Nearly all fields can benefit from integrating general-purpose methods—for
example new machine learning techniques, advanced statistical methods or big data
analysis. These methods can generally be accessed freely by researchers anywhere
in the world with a computer and training. Some breakthroughs hinge on coupling
cutting-edge computational and machine learning methods with established tools,
from microscopes and spectrometers to x-ray scanners. These recombinations hold
vast potential to generate new perspectives. Yet this requires computer scientists, data
scientists, experimentalists, microscopists and the like at times to collaborate not to
analyse findings, but to expand our scientific toolbox that generates new findings.
Scientists need to think of themselves not just as problem solvers, but as method
architects—designers of the very tools that shape their ability to know.

Yet some new tools can face some resistance. Some encounter ethical constraints,
others involve much technical complexity and still others are entangled in economic
or political hurdles. A striking example is CRISPR, the extraordinary gene-editing
method that some scientists are hesitant to adopt for certain purposes—raising eth-
ical fears over possible ‘designer babies’ and irreversible ecological impacts.(114)
Other powerful tools demand greater training that can affect the pace of discoveries.
Advanced computational methods and super-resolution microscopy promise greater
efficiency, but their complexity can slow their adoption. Tools are transformative
whenmore than a handful of scientists can use them. Some tools can be further influ-
enced by commercial interests. New imaging instruments, CRISPR and other tools
tied to patents or licensed by private companies can limit who can leverage them. Still
other tools depend on cross-disciplinary collaborations, like machine learning and
AI methods that bridge the worlds of computer scientists and statisticians with biolo-
gists, chemists and climate scientists. Take the remarkable AI programme AlphaFold
that required extensive interdisciplinary collaboration and transformed our ability to
predict protein structures in biology and biochemistry with unprecedented accuracy.
It has also accelerated research in drug discovery and genomics.(90,95,275) Creating
advanced large language models (like ChatGPT) also involves collaborating across
multiple domains and enables rapid processing and synthesising vast amounts of
information.

And of course, while scientific discoveries and tools have vastly benefitted our lives,
some have unintended risks—like contributing to environmental degradation and cli-
mate change. Others also raise fears about some unforeseeable consequences of using
AI tools in science. These may contribute to automation and job loss—not just in
manufacturing, but in research and education—and to some feeling more socially
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isolated as machines can replace human interaction and even human judgement. To
navigate these challenges, regulation and ethical oversight are essential. Governments
and scientists must ensure the tools we build serve the public good.(90)

We later unpack the actual constraints holding back the top ten tools of science—
and how tackling them can vastly expand the research frontier (Chapter 11). It goes
without saying that designingmethods—like doing science itself—is often a process of
trial and error.Many initial methods, when first developed, may not be useful enough
or too limited in scope to survive and spur advances. Just like experimental results and
theories, we only see methods that make it into publications.

So, when are new methods most useful and have the biggest impact? It is when
they solve a critical methodological bottleneck—visualising or measuring some-
thing we could not before. When they significantly improve the efficiency or pre-
cision of our current methods, unlocking completely new perspectives, questions
and even entire research areas. And when we can apply and scale them across
disciplines, catalysing insights at the intersection of fields. New machine learning
methods, electron microscopes, advanced statistical methods, etc meet all of these
conditions.

Developing the new field ofMethodology of Science—and the science
policies needed to accelerate scientific progress

What if we treated the design of scientific tools across science as a field of research in
itself that speeds up discovery? Most scientists do not commonly focus on studying
and extending the very methods that enable them to do research. But if researchers
and science institutions began devoting much greater attention and resources to tool
innovation, we could unlock many important questions at the very core of scien-
tific progress: How can we best incentivise methods projects, not just science projects?
What research programmes and networks canwe restructure or create to catalyse tool
innovations—especially among early- andmid-career researchers? How can we reor-
ganise scientific research to tackle the hidden bottlenecks within our current tools
that hinder progress? How can we best support interdisciplinary research that com-
bines method developers, tool innovators and scientists collaborating together? How
can we reallocate part of existing funds to pioneer new tools that push the frontier?
Mobilising more funding, training more scientists or building larger teams—without
addressing such questions—will not solve our challenges. Without identifying such
strategic methodological areas for advancing science, breakthroughs risk being more
driven by chance than by design—ultimately slowing the pace of progress.

The central paradox of science and its incentive system emerges here: the very
researchers building the tools that define the frontier of research are often overlooked
by the institutions meant to advance it. Targeted research on tool-building would
vastly accelerate science, so it is surprising that it is not yet valued greatly across sci-
ence and society—at least not nearly as much as scientific discoveries and theories.
It is astonishing that, despite centuries of scientific expansion, no field has emerged
that systematically studies tool development from all angles and perspectives across
science—building the very methods and tools that make science possible. Students in
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many fields are required to take a course in research methods or statistics, but these
courses typically focus on using existing tools, not on how to innovate them and tackle
their limitations.

So why has a field devoted to innovations in tools across science not yet emerged?
One explanation lies in a lack of general awareness about how profoundly meth-
ods and tools actually shape scientific progress. Another is a lack of incentives for
researchers. Science’s reward system—journals, universities, major awards and grant
agencies—prioritise scientific discoveries. Science textbooks and public media also
spotlight these final outputs. In short, science and society celebrate experimental
findings and theories over foundational inputs—the method innovations that enable
them. Like some areas of basic research, research on tool innovation can be less
appealing for scientists. Since the scientific ecosystem rewards those who publish
striking results quickly, researchers often have little motivation to invest time in
method-making.

Yet because our available tools largely determine what we are able to know and dis-
cover, what could be more important than a research field devoted to expanding our
scientific tools—our very means of knowing? This makes a field like theMethodology
of Science essential—one that does not just study knowledge, but invents the ways we
can produce new knowledge.

With no field yet existing that aims to advance tools of discovery across science, we
propose such a field here and outline what it can look like:

The Methodology of Science is a field dedicated to understanding and designing the
scientificmethods and tools that enable better ways to discover, measure and explain
the world. It studies the foundations, limitations and advancement of our tools: from
observational and experimental to statistical and computational tools. The field does
not view methods and tools as technical supports, but places them at the centre of
scientific progress—because how we investigate determines what we can discover. It
identifies the constraints, assumptions and biases facing tools and develops ways to
tackle them. The field continually scans across disciplines for newmethod combina-
tions andmaps how new tools shape knowledge production and redefine disciplines.
It builds systems for interdisciplinary method-building, offers a platform for rapidly
disseminating promising tools across fields and trains researchers how to adapt and
invent new tools of discovery. Ultimately, the field offers a framework for how to
make method innovations—not just to conduct science, but to build science and
discoveries themselves.

The field would represent a new domain of basic research. It would serve as a
cross-disciplinary bridge, bringing together toolmakers, methodologists, experimen-
talists, computational scientists, engineers andfield-specific researchers in a culture of
innovation. Existing research to improve a method or tool—such as statistical tech-
niques or microscopy—has been domain-specific and fragmented.(137,238) But this
field would rise above such disciplinary silos as a kind of meta-method discipline,
integrating and recombining entirely new kinds of tools and methods from across
the sciences to accelerate progress. The vision is to reframe tools not as background
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instruments, but as evolving systems of perception, reasoning, exploration, imagina-
tion and innovation. And the hope is that developing more sophisticated telescopes,
computational methods and x-ray techniques would no longer be seen as less
important than discovering new planets or decoding DNA or protein structures—the
breakthroughs these very tools make possible. The new methods-driven discovery
theory can provide a theoretical foundation for the Methodology of Science. For
the theory explains how the foundations, limits and advancement of science are
largely determined by the foundations, limits and advancement of the tools we have
developed so far—that produce the data enabling our theories.

What is the best test to assess a new field? We can ask, how useful is it to address
unsolved problems? To open pathways and solutions to problems not yet formulated?
To reveal systemic blind spots to progress? And to advance new discoveries and entire
lines of research? On these measures, a new science of methodology has great poten-
tial: because the greatest accelerations in scientific progress throughout history have
followed major method breakthroughs (Chapters 1–5) and because of the range of
constraints and untapped opportunities of today’s leading tools (Chapters 6 and 11).

So what would it take to establish the field of Methodology of Science and accelerate
the pace of discovery? We propose seven key reforms: developing a broad method
community, embracing tool experimentation, rethinking our conception of science,
introducing new incentives for tool creation, building dedicated method institutions,
recalibrating citation practices, and training the next generation of tool developers.

1. Weneed amethodological shift in the scientific community towards amuch larger
share of researchers dedicated to tackling method bottlenecks and making tool
innovations.

About nine million scientists work across science worldwide.(167) Yet if we ask sci-
entists to name researchers dedicated full-time to developing or improving methods
and tools, most would not be able to—or, in some fields, not even know they exist.
Such researchers are rare and largely not visible. While tools power every experi-
ment, model and dataset, few researchers are explicitly devoted to building them.Our
ability to investigate the world is generally not constrained by the lack of funding or
collaboration—for most discoveries; but by the scarcity of tool-builders. To acceler-
ate progress, we urgently need a methodological shift: a structural change that moves
many more researchers towards solving barriers facing our tools. What obstacles pre-
vent us from observing the world more precisely? What measurement systems and
instruments do we need to redesign to expand our scope to the world? How can we
strategically foster the diverse methodological pathways—described in the previous
section—to spur new research areas? Answering these questions systematically across
science requires more than ad-hoc methodological curiosity—it requires a growing
community of method innovators and tool architects who treat method-building as
a core scientific endeavour.

Imagine if just 1–3% of the global scientific workforce, a modest fraction, was
devoted only to tool development, as proposed here—dedicated to the Methodology
of Science. This shift alone would give rise to 90,000 to 270,000 full-time researchers
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building the tools of discovery. This is a small share but the impact could be enor-
mous, since every breakthrough fundamentally relies on the strength of our tools.
Such a shiftwould catalyse a generation of tool architects who reimagine not just what
we study, but how we study. Some can for example develop new AI systems that inte-
grate with any scientific data, helping researchers generate experimental designs and
make better predictions. Others can invent hybrid tools that blend simulation, visu-
alisation and real-time analytics, enabling advances in fields from neuroscience to
climate science. By embedding toolmaking more deeply into the scientific workforce,
we can build a faster,more self-correcting andmore adaptive research system.Hidden
bottlenecks would be flagged and outdated methods would be upgraded, allowing us
for the first time to more strategically redirect slower or stagnating fields.

2. We need to make testing and expanding our best methods a regular part of what
we all do—often as an end in itself.

Making our most powerful methods in statistics, spectrography and chromatography
even more powerful, making our best telescopes and particle accelerators even better
has consistently paved the way for new discoveries. Many big advances in science are
not guided by a specific hypothesis that led to the specific discovery, but are sparked
by experimentally developing a new tool applied to do exploratory research and then
seeing something entirely new (Chapter 2). Just as we run experiments in science, we
need to run instrumental and method experiments—we need to design research not
to generate findings or test a theory, but to test a tool. What if labs began running
method trials—like clinical trials, but for scientific tools—where a control group uses
a conventional tool, and experimental groups test new tools to compare which are the
most effective in achieving advances? It is essential that we treat tool developments
as a primary scientific goal even before we know what discoveries they could yield—
while of course always taking our planet and human wellbeing into account. Just like
with experimental research, tool innovation requires us to try new things and be open
to inevitable failures, as learning opportunities that refine approaches.

Once the scientific community becomes fully aware of the fact that new tools trig-
ger new breakthroughs, we can begin to target research programmes and exploratory
experimentation to catalyse tool invention across science. This shift would reframe
how we understand discovery itself: from its traditional focus on just experimen-
tal and theoretical triumphs to equally focus on the tool discoveries that make them
possible. In sum: method innovation needs to be a core pillar of science.

3. We need to reconceive science and science policy aroundmethods-driven research
that is exploratory—not just question-driven research.

In science, articles and grant proposals are structured around a research question:
‘what causes x?’ or ‘how does y work?’ This structure reinforces the idea that all
science should start with a hypothesis or puzzle that needs solving. But many of sci-
ence’s transformative discoveries have begun not with a question but with new tools
through exploratory research (Chapter 2). We need to revise the traditional view that
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science must always be question- and hypothesis-driven, it must also be methods-
driven—open to the unknown and sometimes questionless. We can for example
opportunistically exploit new methods created in one’s own and other fields. What
happens when we apply new imaging methods to biological or ecological systems to
observe what they show? Or when we test a new statistical technique or newmachine
learning method on climate or psychological data with no hypothesis in mind? Tool-
driven research has enabled spotting patterns, anomalies and structures—and even
formulating many of our biggest questions in science—that we did not even know to
explore. It comes with uncertainty and less clear outcomes, but the payoff for method
opportunists is often discovering what no one else has thought to look for.

Science agencies need to equally support exploratory research projects—not just
traditional projects that already have consensus among established research commu-
nities. Amethods-firstmindset, where researchers invent, adapt and applymethods to
new domains and shifting challenges, can be just as powerful as traditional hypothesis
testing.

4. We need to fix science’s reward system so journals, prizes and funding bodies
equally incentivise method experimentation and innovations.

When asking scientists what brings recognition in their field, the answer is gener-
ally straightforward: the main incentive in science is to chase immediate scientific
discoveries. This focus is deeply embedded across science’s institutions: journals and
science prizes reward groundbreaking findings, universities hire and promote based
on breakthroughs, and funding bodies support the greatest prospect of discovery.(3,4)
But what if we have been overly incentivising the final part of the discovery process?
Here we provide an alternative logic: if we reform science’s institutions to value not
only results, but equally developing new tools and methods that make those results
possible, we can accelerate discoveries. Rather than largely only prioritising the fin-
ish line, we must prioritise tool-building: the roads to get to the finish line and often
the key part of the finish line itself. Foundational research in methods, at first glance,
may seem to even distract our attention—deter from publishing experimental and
theoretical studies: the central measure in science.(3,4) But it does not delay grat-
ification, it lays the groundwork for getting there faster and is often a multiplier:
opening new paths. It can often be thought of as a difference between harvesting a
tree and planting an orchard—one focuses more on today, the other more on the
broader future.

Today, the greatest progress in science commonly comes not from chasing prestige,
but from bold new ways to explore and measure—like highly advanced microscopes,
machine learningmethods and the CRISPRmethod. These enormous breakthroughs
are made possible by method-makers: researchers who often step back from the
race for headlines to redesign the track. Our current research system overwhelm-
ingly invests in science projects—experimental and theoretical research—as we see
looking at projects supported by science’s largest funding agencies like the European
Commission and the National Science Foundation. The current system does not yet
systematically invest in method projects. Yet we need to begin reallocating a large
share of current funding to method projects, tool programmes and tool fellowships
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and also give priority to science projects that include method innovation. Funding
currently disproportionately bets on established researchers and elite institutions.
But we need to disproportionally redistribute resources to bold original tool inno-
vations to unlock discoveries faster, independent of prestige and institution. For
our current incentive structure is at odds with advancing science more rapidly. It
is time we recognise the inventor of a breakthrough telescope—the tool of discov-
ery—not only the researcher who discovers the planet using it. And the taxonomy of
scientific methods—spotlighted in Table 6.2—highlights the need to prioritise the
most scalable, transferable tools.

Just as in basic research, researchers dedicated to the foundational research of
designing tools deserve equal recognition within the scientific community as those
generating scientific studies and theories made by leveraging them. To speed up
progress, wemust shift science’s priorities: experimenting with new tools andmethod
combinations needs to be seen on par with the experimental findings they produce.
Method-makers need to equally be able to publish method advances in top-tier jour-
nals, win prestigious grants and prizes and secure tenure-track positions. We need
professorships in methodology, in tool innovation, in integrated machine learning.
The hope here is that method-inclined researchers receive the same opportunities,
resources and positions as those carrying out experimental and theoretical research
using their powerful innovations. These measures are crucial to incentivise young
researchers to enter this basic research field and explore high-risk, high-reward tool-
building projects—projects that do not fit into conventional disciplinary silos but can
reshape their disciplines.

The way we publish research does not help: many leading journals like Nature
and Science follow an ‘introduction–main results–discussion’ format, while relegat-
ing the methods used to the appendix or a separate ‘supplementary material’ file.
This sends a signal: they view methods as subordinate or supplementary. Journals
need to correct this bias. They must also vastly increase featuring high-impact tool
advances. They should begin requiring a methods section with much greater detail
in all studies, outlining all techniques, protocols, study context and method lim-
itations throughout the research process. This would empower other researchers
to improve and build on those methods, understand and reduce method con-
straints and biases and push the field forward faster. It would enhance method
awareness.

So this can help us rethink questions about science: should we prioritise fund-
ing discoveries, or toolmaking that sparks them? Should we chase new findings,
or expand the foundations that enable them? And is it better to fund research or
development—to foster new knowledge or expand existing knowledge? For each
question, the answer—of course—is both, but we are currently biased much too far
towards the former. Supporting method-makers directly gives science its infrastruc-
ture of discovery. It empowers researchers to pursue opportunities as they emerge, to
shift and re-shift their focus as new problems arise and to take risks that conventional
structures do not yet reward.

5. We need to develop new Methods Labs, Methods Hubs and Departments of
Methodology of Science—as incubators of innovation.
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Just as scientists work in science labs, we need to establish methods labs and
hubs—spaces designed to invent new methods and tools of discovery. These labs
would provide, for the first time, a systematic infrastructure for tool innovation
across fields—and house the growing share of method-makers among the scientific
community. These labs can connect tool and method innovators, statisticians, exper-
imentalists, AI researchers and domain-specific researchers to work side by side on
breakthrough instruments. These labs would streamlinemethodchains and toolchains
that span the full method design—from the early concept design to real-world
applications (Figure 6.5). No such systematic methods powerhouses exist today.
But the Cavendish Lab and Bell Labs—the two most productive methods incuba-
tors in history—make clear the enormous effect of such labs on driving progress.
And unlike those physics-centred labs of the past, the future of a global net-
work of methods labs lies not in one field but spans across science and bridges
diverse toolmakers across disciplines. It unites synthetic biologists with data scien-
tists, neuroscientists with roboticists, ecologists with machine learning experts and
statisticians.

We couldmeasure the success of theMethodology of Science by establishingmeth-
ods labs, hubs, institutes, centres and departments that train early-career scientists
to become toolmakers. It would include creating a society, journals and confer-
ences across fields focused on improving how (not what) we discover. Communities
of method-makers could then pool resources through open-ended experimenta-
tion with innovative and adaptive tools that tackle our methodological barriers to
progress. In a landscape where science grows increasingly fragmented into narrower
subfields, methods labs could reconnect disciplines by giving them a shared lan-
guage of innovation. This is important because current trends of dividing science
into ever more narrow units of knowledge can slow different paths of discovery
(Chapter 4). But methods labs worldwide would not only build bridges for using new
general-purpose and field-specific methods across disconnected fields. They would
also export groundbreaking method innovations—through shared method and tool
repositories that open access worldwide. The greatest accelerator of science may not
be any one discovery, but a strategic shift: where institutions and scientists begin to
treat toolmaking itself as a key priority. This is not just a reform—it is a redesign of
how science builds its future more efficiently.

What could Departments of Methodology of Science look like? Imagine a depart-
ment where the logic, mechanics and innovation of science itself are studied, taught
and advanced. It is an academic space of scientific self-reflection and invention.
Researchers here can explore questions like: what features make a research method
more likely to generalise across fields? How can we design early-warning systems to
detect flawed or outdated methods in a field?What constraints are introduced by sta-
tistical, computational and experimentalmethods?What are the best ways tomeasure
a method’s impact—on clinical trials, climate models or public policy? How can AI
and automation be best coupledwith researchmethods?Canwemap the genealogy of
science’s major research methods—in a periodic table of methods—to better identify
methodological blind spots and missing combinations quicker? Such departments
can also collaborate with all fields to detect and design new method and tool com-
binations. They can also work specifically with medical schools to co-develop trial



188 THE ENGINE OF SCIENTIFIC DISCOVERY

designs, with engineering departments to prototype sensors or robotic tools, with
social science institutes to rethink survey and causal inference techniques and with
AI labs to explore automated tools.

Courses in Departments of Methodology of Science could also range widely.
A course on Tool Innovation: Designing, Building and Testing can cover how to devise,
prototype and evaluate method innovations—from experimental designs and new
types of sensors, to AI systems, measurement instruments and software platforms.
A course on The Architecture of Scientific Discovery can introduce how methods
emerge, spread and evolve, and what the hidden barriers are behind measurement,
modelling and experimentation. A course onMethod Transfer and Translation Across
Fields can explore how methods from one discipline (like advanced statistical and
machine learning methods) can be adapted for another (like ecology or epidemiol-
ogy). A course on Bias, Inference and Error: A Statistical Toolkit can cover statistical
reasoning, alternative inference frameworks (like Bayesianmethods and causal infer-
ence) and teach how to detect and correct methodological errors. A course on
Meta-Science and the Practice of Science can explore how the scientific system works
and cover topics like incentives, research, publication systems, funding systems, repli-
cation crisis and how to reform scientific institutions. These courses would prepare a
new generation of tool builders—those fluent in the scaffolding of tools and discov-
ery themselves. Creating such departments wouldmake the scientific enterprisemore
self-correcting and more innovative.

6. We need to shift our main measure of scientific success from just outputs (espe-
cially article citations) to focus equally on inputs—method innovations.

In today’s scientific landscape, getting hired, promoted or funded is overwhelmingly
tied to how many citations and publications scientists accumulate.(14) This metric is
easy to measure but overlooks something crucial: scientists do not yet cite the full
range of methods, tools, techniques and protocols that underpin their work. Instead,
they primarily just cite other research papers—not the methodological scaffolding.
This creates a distorted picture of whatmatters in science and discourages developing
new instruments and techniques. A rethinking is needed away from using com-
mon ex-post indicators like citation counts (3,14,38,40) towards ex-ante indicators—the
process of science—that recognise tool innovations.

Today, many view articles as high-impact if they, depending on the field, receive
one or a few hundred citations. But what if we begin to systematically reference the
methods and tools applied in each study? The foundational role and impact of meth-
ods would become powerfully clear. The most important method-making articles
in history, such as Ruska’s article on the invention of the electron microscope,(112)
Tiselius’ electrophoresis method,(142) Martin and Synge’s partition chromatography
method(237) or Bloch and Purcell’s NMR spectroscopy(240) have only received a few
hundred to a few thousand citations. But each is mentioned in millions of publica-
tions on Google Scholar, making them the real giants in science. If citation practices
accounted well for tools, then inferential statistics, x-ray crystallography, compu-
tational methods, randomised controlled experimentation and lasers for example
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would each have received millions of citations. For they are mentioned millions of
times on Google Scholar but are not properly cited. This far surpasses the most-cited
scientific studies of all time that rarely give (citation) credit to the discovery of the
tools they use. The paradox is clear: our best scientific tools are so foundational to
science that they are largely taken as given, without the need to even cite them across
most—but not all—fields.

By relying on citations as our primary measure of success, we foster an output-
oriented, retrospective viewof knowledge.Manynewbreakthroughswould gounseen
when just focusing on citations, and new discoveries are important precisely because
they have never been seen and cited before.(4,178) Citations not only just capture past
success—in a crude way—but, more importantly, cannot explain why or how break-
throughs emerge.(38,40) For that, we need to shift our attention tomethodological and
scientific innovations themselves. When our incentive system recognises the indis-
pensable power of methods in driving discovery, researchers will also recognise the
enormous value of making innovations in tools.

7. We need to train the next generation of tool-innovators—and integrate deep
methodological training into university degrees across science.

In fields from biology and medicine to earth sciences, graduate students are typically
required to take at most only one course in researchmethods or statistics during their
degree. And yet, these are the very tools they later rely on to do and publish their
research. It is not difficult to see how this gap can constrain research. With the pur-
pose of graduate degrees to train students how to do science, we need to place much
greater focus not only on training how to apply but also improve methods. Limited
method training—both in breadth (the range of tools) and depth (their limitations,
assumptions and biases)—narrows a scientist’s ability to recognise the flaws facing
the tools used to develop our evidence and theories and to fix them. Yet this ability is
critical in sparking discoveries (Chapter 1).

Without first learning how to detect our methodological blind spots, we cannot
tackle them—with the pathways to do so laid out earlier. Most education systems
instead focus on the outputs of science—facts, theories and discoveries—rather than
the process in which we generate them. We need to reform this imbalance: shift-
ing much greater weight on studying the complexities of how we implement and
fine-tune our tools to gain that knowledge. Scientific training must be recentred
around the how of discovery, not just the what. This means immersing students in
the complexities of measurement, experimental design, inference, calibration and
innovation—not as side topics, but as the core of scientific literacy. A critical bar-
rier here is hyper-specialisation in education, a barrier that leads to long time lags
in developing and adopting tools, especially across fields (Table 1.1). This leads to
path dependency, a kind of method inertia: a field-wide anchoring effect on the spe-
cificmethods that researchers already use, while powerful new techniques from other
fields often go unnoticed (Chapter 1). Path dependency, disciplinary silos and a lack
of cross-pollination stifle innovation. To break this inertia, education systems need to
systematically expose scientists to the broader universe of tools and techniques. Just
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as modern biology has been transformed by techniques from computer science and
physics, many of tomorrow’s breakthroughs will come from such cross-disciplinary
fertilisation—from researchers fluent in multiple toolkits.

To make this shift sustainable, we must go one step further: we need to insti-
tutionalise the training of method-makers. To establish the field of Methodology
of Science, tool and method innovators would need to be formally trained, just as
chemists and psychologists are. We cannot assume that some researchers, who hap-
pen to develop an inclination for method and tool questions, will find the time
to tackle them. Without structured support and training, many potential innova-
tors will never get the chance to build the tools science needs. Historically, only
a few exceptional scientists have strayed away from their original academic train-
ing as the top ten method outsiders did—science’s greatest architects of discovery
(Table 6.1). But our most transformative innovations in science should no longer
depend on chance. They must be systematically built into the system. Establish-
ing dedicated training in this field will empower early-career researchers with the
necessary methodological skills to push the boundaries of what we can investi-
gate in the world. And method workshops and training will help equip established
researchers across fields with these skills. Only when tool innovation is valued and
taught can science truly accelerate its capacity to discover the unknown. Imagine
a generation of scientists trained not just to apply existing tools, but to question
and reinvent them. This would be nothing short of a shift in how knowledge is
created.

Conclusion

If we were to adopt these seven reforms, we could trigger a method revolution in
science—a deep transformation in how science progresses and at what pace. Imple-
menting these reforms would break from the status quo: the era before the method
revolution, where we until now commonly made advances in methods and tools in
a surprisingly ad-hoc and unplanned way with large time lags between new meth-
ods and discoveries. It would spark a shift towards the method revolution, where we
would design and develop methods and tools in a planned, strategic and targeted
way—with minimal time lags. Historically, the development of new tools and the
development of new scientific discoveries have been riddled with long, unnecessary
delays—simply because we have not yet systematically coordinated and fast-tracked
tool development across science. Advances in tools would then move from the back-
ground to the foreground in understanding how we drive scientific advances. We can
then begin actively engineering the conditions for making breakthroughs. When we
dig deeper, we find a key pattern among science’s major discoveries: many did not begin
with chasing answers, but with building better ways to ask questions that sparked those
answers.

Yet today, science still lacks a general understanding of how we create new tools
and research agendas for tool development—a general theory of the main force for its
own progress. Without it, researchers until now have had to experiment and work
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out on their own—researcher by researcher—how to trigger a breakthrough and
which new tools we need. Much time is lost, researchers continue in stagnant fields
and breakthroughs go unrealised, just because the current system has not yet had a
roadmap for building better tools. Relying on familiarmethods simply because they are
familiar is the reason why much research does not advance science.

Future scientists may view the advent of this revolution as the moment at which
the entire scientific community became self-aware about how it progresses. It is
the point at which we began to deliberately refine, combine, restructure and invent
methods and instruments that accelerate breakthroughs. The beginning of the
revolution would be the moment when we collectively realise the fact that methods
and tools themselves are perhaps the most powerful frontier we have yet fully explored.
No more would our tools be studied by a small group of methodologically interested
researchers who diverged from their initial training in established fields. The tool rev-
olution in science would be driven by a new understanding across scientists: tools are
not neutral, and advancing our tools changes the very kinds of questions we can ask
and answers we can imagine. As the periodic table transformed chemistry by map-
ping its fundamental building blocks, science now needs an evolving periodic table
of methods: a living map of the methods, tools and their vast recombinations that
power discoveries across domains.

The proposed field of Methodology of Science has the potential to transform sci-
ence by speeding the pace at which we can produce new breakthrough research.
But realising this transformation depends on a bold reorientation that challenges
the status quo—the current scientific system that deeply prioritises scientific outputs,
not inputs. These large reforms may face resistance especially from those established
institutions benefitting most from the traditional, output-oriented system. Academic
inertia can be a challenge to large-scale reform. Once the first institutions, journals
and agencies begin to prioritise innovations in tools, others will more easily follow
suit. Once methods labs and hubs begin to take root and spread, a new scientific
culture can emerge.

Ultimately, the pace of scientific progress is dictated by the pace ofmethod progress.
Science has traditionally taken an indirect route to discovery: researchers have
explored scientific questions that we often did not quite yet have the methods and
technologies to answer. But imagine what would happen when we flip the research
direction: when researchers pursue method questions first, designing and selecting
new tools not just to answer today’s questions, but to unlock tomorrow’s. This is fron-
tier science and would be a direct route to many discoveries. Our tools should no
longer be seen as just means to do research, but as active sources of innovation and
inspiration that continually open new questions. We sketched the pathways we can
take to drive innovations in tools. But this opens new questions: how can we begin
to better assess the impact of new methods and discoveries on society, policy and
people’s lives? How can we better evaluate their benefits on new medical treatments,
technologies and environmental solutions?

Until we place our powerful toolbox at the centre of science, we will continue to
think of scientific discoveries as the most important feature of science—and not also
the incredible tools that make them possible and largely determine their scope. We



192 THE ENGINE OF SCIENTIFIC DISCOVERY

will keep viewing scientific discoveries as just being made by brilliant discoverers—
and not also the brilliant tool inventors who enable triggering them. Our great
toolmakers are often the unsung discoverers and can no longer be pushed into the
footnotes of history. Establishing the field of Methodology of Science would mark a
vast leap forward for science. It would signal that we finally recognise methods, tools
and their combinations across fields as a frontier in their own right—deserving the
same priority and intellectual rigour as any other scientific domain. After all, with
what we know about the world so far largely driven by the tools we have developed
so far, the Methodology of Science is—by expanding our very tools of discovery—as
important as any other scientific field and long overdue.



PART II
THE ORIGINS AND FOUNDATIONS

OF SCIENCE AND DISCOVERY

In Part I of the book, we asked the big questions about how we drive new discover-
ies, scientific fields and science in general: the answer lies in developing powerful new
tools. Our ever-expanding scientific toolbox is what triggers our transformative break-
throughs, can explain much serendipity in science, makes scientific progress highly
cumulative and fundamentally defines how we do science. In a logical circle, we then
asked the key question: how do we upgrade our powerful toolbox? In answering that,
we uncovered the dynamics of toolmaking and how it powers science.

By tackling these foundational questions of scientific progress, new fascinating
questions arise: where did science itself and our ability to develop tools come from in
the first place?What are their early roots? And looking forward, what are our current
boundaries of science? Does extending our toolbox play as powerful a role in explain-
ing science’s deeper past and its future as it does the present? Understanding how we
became able to create knowledge and methods and start science helps us understand
how we arrived at the present and can vastly advance science in the future. Tracing
the broad history of science and discovery helps us understand their evolution, pro-
viding key insights into how we can build a stronger scientific system for tomorrow.
In Part II of the book, we now turn to the deeper origins of science—where it began
and why it emerged. In Part III, we then explore the current limits of science and how
we can push these limits.





7
The origins of our toolbox

How our mind’s method-making abilities have driven
science—and civilisation

Summary

Is the engine of science today the same as it was in our past? What are the ori-
gins of science and our powerful methods? We find that the key turning point
in scientific history came with the unexpected invention of tools that enhance
human perception: the first microscope and telescope. They opened unimagin-
able new worlds and sparked most major discoveries of the 17th century. These
two optical breakthroughs put science on a no-return path of rapid discovery, trig-
gered wider curiosity and kick-started modern observational and experimental
science. Before their invention, science was limited by ancient tools and human
senses—but their arrival broke those barriers, giving us direct access to micro-
scopic and cosmic realms we never imagined. These extraordinary instruments
did not emerge from scientific institutions, a large scientific community or formal
scientific method. Instead, they inspired them—after observing the extraordinary
discoveries these tools made possible. But to understand how we got there, we go
further back—to the origins of scientific thinking. This leads us to big and chal-
lenging questions: how did we develop science—and even civilisation—in the first
place? We cannot study what triggered our advances throughout human history
as systematically as we can study contemporary discoveries using statistics. But
we can trace what has driven dozens of the most transformational early break-
throughs. While we focus on science throughout the book, we will uncover how
its origins are inseparable from the origins of technology and civilisation. To grasp
this, we broaden our lens here. We explain how our mind’s evolved methodologi-
cal abilities—to observe, solve problems and experiment—and develop ever more
complex methods and tools, from mathematics to systematic experimentation,
have directly enabled us to create vast knowledge. They have allowed us to make
vast innovations, from plant-based medicine to pyramids. Throughout history, we
have actively driven the major advances—the agricultural revolution and later sci-
entific, industrial and digital revolutions—by leveraging these abilities in newways
and inventing bettermethods and tools: throughmethod revolutions. Better under-
standing the origins of science, we can better understand their limits and how to
push them: our evolved methodological capacities and the tools we develop are
both the foundations and bottlenecks of progress.
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Overview

How did we develop science, technology and civilisation? These are some of the
most foundational and oldest questions of science. Scientists attempt to address these
questions mainly by taking one of three ways. One way is studying the evolution of
human intelligence. Evolutionary biologist Kevin Laland and anthropologist Joseph
Henrich highlight how our cognitive capacity for culture has been the central driver
of our progress.(276,277) Developmental psychologist Michael Tomasello also stresses
the power of social cooperation.(278) A second way scientists approach this puzzle
is by exploring geography. Physiologist and geographer Jared Diamond points to
favourable ecological conditions—climate, agriculture and domesticable animals—
that gave some societies a head start in making these achievements.(279,280) A third
way is examining a particular point in history. Common explanations for the birth
of science often revolve around 17th-century Europe and include the expansion of
capitalism and economic wellbeing,(281) Christian values(282,283) and the printing
press(284)—catalysing the work of scholars like Galileo and Newton.(285)

These three main approaches focus on what broad factor can explain science and
civilisation—two developments that are deeply interconnected. While these broad
factors played an important role, they are oftenbeyondourdirect control. And they do
not explain how individual breakthroughs emerge. What is missing is explaining the
overall enabling conditions needed for science, technology and civilisation and espe-
cially the set of human capabilities that allowed us to actively shape and advance them.
So in this chapter, we take a deeper step back in the history of science. To understand
the present—and how we arrived here—we must understand the past. This principle
applies across most of science, but especially when examining science itself: its cog-
nitive foundations, methodological evolution and our mind’s persistent constraints
that shape discovery today.

Yet this foundational question of the origins of science and civilisation represents
an enormously complex and interdisciplinary challenge. Only with an integrated, big-
picture approach can we see how the different pieces fit together—and identify what
underpins them. Only with such an approach can we tackle the deeper puzzle: how
are we even capable of reasoning about the world and developing the methods and
knowledge needed to create these tremendous advancements? How did our mind’s
method-making abilities evolve over time? What eventually made the work of schol-
ars like Aristotle, Newton, Darwin and Einstein possible in the first place? And did
our early ancestors—stretching across our evolutionary history—rely on the same
reasoning capacities to gain knowledge as we do today? To tackle these questions,
we draw on evidence from evolutionary biology, cognitive science, methodology and
anthropology to reconstruct how our ancestors began to reason about the world.

In the first six chapters of the book, we examined scientific methods and tools
systematically applied in research, such as computational methods, x-ray devices
and electron microscopes. In this and the next chapter, we broaden the scope to
study more basic, general methods and tools—those used far beyond the narrow
scientific context covered thus far. This wider view helps us see how our early ances-
tors observed, experimented and solved problems to create practical techniques and
early basic tools: developing techniques for plant-based medicines to reduce illness,
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experimentingwith agricultural techniques to growmore food, and inventing systems
of writing and numeracy to extend our limited memory. We accumulated experi-
mental knowledge about nutrition, botany, natural pharmaceutics and ecology. These
advances were not the result of chance—they reflected strategic cognitive adaptations
that allowed our ancestors to iterate, refine and systematise their observations. Over
time, we learned how to engineer boats, bridges and later pyramids—advances that
require methodically measuring, experimenting and developing geometry and prin-
ciples of engineering. Andwe eventually created complex systems ofmathematics and
astronomy.

These earlymethods helped us better understand and control our environment and
biology. They were later refined and scaled up by contemporary scientists using these
same evolved method-making abilities, forming the foundation of scientific think-
ing over history. Science today is defined by formal methods, advanced instruments
and controlled experimentation—tools that enable us to observe, measure and test in
much more systematic and far-reaching ways.

Taking this big-picture, interdisciplinary perspective, we begin by laying out the
set of core requirements needed to create science and civilisation. At the centre
of this explanation lies a novel insight: our mind’s evolved methodological abili-
ties (to observe, solve problems and experiment) that we have developed into ever
more complex methods (like systematic experimentation and geometry) have been
the key driving force that directly enables us to create scientific and technological
knowledge—and eventually science and civilisation.Whilemany think of science and
civilisation as separate developments, they actually share six enabling conditions in
common. Civilisation lays the infrastructure—stability, systems of mathematics, divi-
sion of labour—that enables developing science. The two cannot be separated: science
has only ever emerged within civilisation—within a highly complex and organised
culture.(286) We cannot understand the origins of science without understanding the
origins of civilisation.

Here we lay out a new explanation—a methods-powered view—of how we cre-
ated science and civilisation: by leveraging our evolved methodological abilities of
the mind (our universal toolbox) to collectively develop more sophisticated methods
and tools (our adaptive toolbox) that have enabled us to make sense of the world in
increasingly systematic and powerful ways.

In this chapter, we dig deeper into our toolbox, exploring these universal and
adaptive elements. So how well do existing explanations of the origins of science
and civilisation actually fare? Can this holistic and methods-focused view here pro-
vide a clearer picture? And how have these capacities evolved and been used in ever
more complex ways—from smart crows using sticks as tools, to early humans exper-
imenting with fire, to Mesopotamian engineers designing irrigation systems, to van
Leeuwenhoek discovering bacteria with the powerful new microscope that, with the
telescope, drastically extended our perception for the first time in history? We sketch
out our scientific origins, tracing the growing complexity of our methods—from our
evolutionary niche, to the emergence of modern science with the optical revolution
and then contemporary science driven by cutting-edge instruments. In short, wemap
out our method evolution over time. A striking insight emerges: our minds evolved
not to detect distant galaxies or edit genomes or ever imagine themwithout tools—but
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to survive. Our tools are precisely what enable detecting and editing the world by
stretching our senses and expanding ourmind in unimaginableways. By better under-
standing howwe developed our toolbox over time, we are better able to systematically
understand the complexities of where it breaks down, and how to upgrade it and add
onto it today.

Rethinking the origins of science and civilisation, beyond culture
and geography: the missing role of methods

We developed a world of hand axes, lunar calendars and agriculture—and even-
tually microscopes, randomised controlled experiments and quantum computers.
How did we get from hand axes to quantum computers? Can we explain these
remarkable developments through favourable geography(279,280) or broad cultural
forces like norms and institutions?(276–278) Leading scientists have proposed these
forces—geographic luck and cultural evolution—as the central driver of our progress
(Box 7.1).

Box 7.1 Leading explanations on the origins of science and civilisa-
tion

Why did science and civilisation take root in some places and not others? Jared
Diamond, professor of geography at theUniversity ofCalifornia, answers the ques-
tion by pointing to favourable geographic conditions. He summarises his core
thesis as: ‘History followed different courses for different peoples because of dif-
ferences among peoples’ environments.’ He argues that factors related to ‘the rise
and spread of food production is [ … ] what I believe to be the most important
constellation of ultimate causes’.(279) In short: for Diamond, fertile land, domesti-
cable animals and the right climate set the stage for everything from early cities to
science. Kevin Laland, professor of behavioural and evolutionary biology at the
University of St Andrews, argues instead that: ‘our species’ extraordinary accom-
plishments can be attributed to our uniquely potent capability for culture.’(276) For
Laland, whatmakes our species extraordinary and explains our great advances are
high levels of social learning: copying each other’s behaviour.

Michael Tomasello, professor of psychology and neuroscience at Duke Univer-
sity, also highlights the role of culture, focusing on cooperation. His principal the-
sis is strikingly simple: ‘virtually all of humans’ most remarkable achievements—
from steam engines to higher mathematics—are based on the unique ways in
which individuals are able to coordinate with one another cooperatively.’ For
Tomasello, our species’ ‘most distinctive characteristic is its high degree (and new
forms) of cooperation’ that reflects our shared intentionality and enables our com-
plex language.(278) Joseph Henrich, professor of human evolutionary biology at
Harvard, goes further, making his central argument clear in the title of his book,
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The secret of our success: How culture is driving human evolution, domesticating our
species, andmaking us smarter.(277) He argues that ‘The key to understanding how
humans evolved and why we are so different from other animals is to recognize
that we are a cultural species’. Ultimately, these scientists argue that if the right eco-
logical conditions emerge—like high-productivity farming and food production
(279,280)—or if humans develop cultural traits like cooperation, shared intention-
ality, language and abilities for learning,(276–278) then science and civilisation can
arise.

What is clear is that culture and geography are important pieces of the puzzle.
They act as basic building blocks, setting the broad stage for human progress. But
they do not explain how humans—once fertile soil and social cooperation are in
place—actually started building tools and methods to understand and transform the
world. They do not tell us how we advance—which methodological steps we have
taken to develop our scientific and technological knowledge. Existing researchers,
because they focus on the broad backdrop, leave open the key question about the
mechanism: what cognitive and methodological forces turned those broad ingredi-
ents into discovery?Howdidwe actually begin designing the first boats, pyramids and
microscopes—long before we even understood buoyancy, gravity or optics? Could it
be the result of a kind of reasoning and testing that shares many similarities with
science today?

Michael Tomasello aims to identify the differences ‘that ultimately lead to humans’
unique forms of cultural coordination and transmission (and so to telescopes and
parliaments)’.(276–278) But there are vast worlds between cultural coordination or
geography on one hand, and telescopes on the other. The former is a social scaffold,
the latter is a technical innovation. The two operate at fundamentally different levels.
So what bridges the divide? Here we provide a new perspective: shifting to ourmind’s
methodological abilities to observe, solve problems and experiment and create better
methods like mathematics. These abilities—both ancient and modern—directly con-
nect these extraordinary innovations between our early ancestors who experimented
with more productive farming techniques, and today’s scientists and engineers who
experiment with genetically modified crops. This is the missing methodological link:
these evolved capacities turn more systematic observation and trial and error into
refined methods and tools that create life-saving knowledge and innovations. Our
species has always relied on these same methodological abilities to be able to unravel
mysteries about the world and invent technologies.

This integrated toolbox perspective offers a unified explanation that connects
our early evolutionary origins with the methods we use to reason, do science and
understand the complexities of the world—an explanation overlooked until now.
(276–279,282,287) So to explain the rise of science and civilisation we should not just
focus on factors seen as the key to human success and uniqueness—like language,
collective intentionality(278) or agriculture.(279,280) Wemust focus on this evolving set
of methodological abilities and techniques we have developed over history. These are
more directly observable and measurable in the tools, artefacts and knowledge we
created than those broad factors.
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Our early ancestors sparked major early breakthroughs through
method revolutions

Our early ancestors did not just adapt to diverse environments, but trans-
formed them. We actively drove the palaeolithic technological revolution and—once
favourable geographic conditions emerged—the agricultural revolution. We then—
once favourable demographic conditions were in place—actively brought about the
civilisation revolution. How were we directly able to spur each of these monumental
shifts and then the scientific, industrial and digital revolutions? Through our ances-
tors’ evolving methodological abilities: through method revolutions—developing and
refining new methods to think, experiment and control the world. To connect geog-
raphy and culture to the rise of better technologies, agriculture, civilisation or science,
we must focus on our hands-on methodological capacities and innovative methods
and tools used to make these advances possible. To drive the palaeolithic technolog-
ical revolution over 50,000 years ago, early hunter-gatherers did not stumble upon
tools like bows and arrows.(279,280) They had to use those abilities in new ways:
from reasoning causally about tension and trajectory to refining their designs by
experimenting. That is methodical innovation.

To trigger the agricultural revolution at least 12,000 years ago, early hunter-
gatherers had to experiment with seeds and develop planting techniques.(277,278)
They understood the causal interplay between seeds, water, soil fertility and sunlight
needed to produce crops. To bring about the civilisation revolution and the first large
societies at least 6000 years ago, early village dwellers had to develop methods like
systems of geometry and arithmetic that pushed the boundaries of our mind. With
these mathematical innovations, they planned and constructed buildings, cities and
monetary systems on a scale never seen before.

To spark the so-called scientific revolution in the 17th century, we had to
invent new extraordinary tools and methods—especially the first microscope and
telescope—that transformed entirely how we observe, measure and experiment in
more systematic, controlled and far-reaching ways. These pioneering tools opened
up entirely new realms and ways to see and understand the world never imagined
before. Galileo suddenly made unexpected astronomical discoveries employing the
new telescope(193) and Newton then laid a new foundation for understanding the
physical world by also applying newmethods like calculus.(263) To spur the industrial
revolution in the 18th and 19th centuries, engineers and entrepreneurs had to invent
entirely newmethods to transform rawmaterials intomass-produced goods.(279) This
leap involved trial-and-error innovation—from building steam engines to producing
iron and textile spinning machines—and demanded understanding the complexi-
ties of heat, motion and mechanical pressure. To give rise to the digital revolution
and digital technologies in the 20th century, scientists and specialised profession-
als had to work together to produce new and efficient transistors, computers and
the internet—technologies that define modern society. This leap required develop-
ing new mathematical and computational methods, coding systems and continually
experimenting.

Across all these major revolutions one thread runs consistently: our mind’s
evolved methodological capacities and inventing new tools have been the main
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force we actively and directly influence. These were not just major historical shifts,
but well-defined methodological shifts. It is this method-making engine—our ever-
expanding toolbox of cognitive strategies and technological tools—that has spurred
human progress. In short: method innovation drives the continuous thread of dis-
covery across history, connecting us to our ancestors and propelling future advances.
Future revolutions, such as an AI revolution, would also be catalysed by develop-
ing new data-processing architectures, more powerful machine learning algorithms
and massive datasets.(90,249,268) Complex AI systems rely on computer scientists,
data analysts and systems engineers to optimise ever more complex deep learning
programmes and computer technology. But even these cutting-edge tools are built
on ancient foundations: logical deduction, systematic observation and iteration—
strategies honed over millennia by our ancestors to track animals and craft effective
tools. So how did it all begin? How have we even been able to start science in the first
place? We begin with this question—as we progress through the history of science in
the chapter.

Science of smart animals

How did our species come to develop such a powerful toolbox that not only helps us
survive but also enables us to do science—to study particles with accelerators and
search for life on other planets with space telescopes? To survive and meet basic
needs, all animals—including us—have to learn which types of food are edible and
poisonous, how to avoid predators and where to find shelter. This means observing,
solving problems, categorising and recognising regularities in nature.(288,289) Many
animals possess these cognitive and social abilities needed to use rudimentary tools
and methods—through trial and error, testing hypotheses, and learning and sharing
them with others.(290)

Take chimpanzees: they use tools for extractive foraging. They leverage stone and
wood hammers to crack nuts and long sticks to extend their reach and extract ter-
mites and honey. They can use leaf sponges to collect water and levers for different
tasks.(278,290–292) Harnessing different tools to solve different problems, chimpanzees
have a toolkit that they acquire through social learning and experimenting. For
chimpanzees to use these tools requires that they have an objective of the tool in
mind, predict how the tool can enable them to achieve that objective and understand
how to apply the tool. This is not instinct—but relies on understanding the interac-
tions needed between the tool, their hands and the desired outcome. From crows to
sea otters and octopuses, many animals possess these cognitive capacities to inno-
vate tools and build shelters by manipulating objects for their purposes and making
inferences.(290,293)

If the way we and other smart animals have always gained knowledge was not
based on observing, trial and error, and building theories about the world, then we
would constantly fall into holes, get burned by fire and even walk off cliffs (something
one generally only gets one shot at). Natural selection favours brains that observe,
test and remember. Remarkably, these common evolved abilities have been at the
centre of how we and other smart animals think, solve problems and leverage tools
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over millions of years and they remain pivotal to science today. This raises crucial
questions: how can we best design tools to tackle the diverse bottlenecks of our basic
cognitive architecture? How far can AI systems be trained to observe, test, learn and
think like clever animals do?

Science of early humans

At least about 1.5 to 2 million years ago, early human species like Homo erectus
and Neanderthals created complex tools, including the iconic hand axe.(294,295)
While early stone toolmakers used their hands to chip stone, it was their minds
that carved the real tools using a broad set of abilities: they needed to carefully
observe, experiment (beyond basic trial and error), test hypotheses, infer and pre-
dict (Picture 7.1).(296) Making such tools also requires being able to imagine and
plan. A remarkable feat was achieved when early humans, about 600,000 to 1 mil-
lion years ago, learned to control fire—a milestone that made cooking, protection
and warmth possible. About 400,000 years ago, they then developed sophisticated
fire-hardened spears.(287,288) These innovations, then and today, demand multi-step
reasoning,making interconnected inferences and examining hypotheses.(277,297) And
we rely on these extraordinary methodological skills when we do science today.

Picture 7.1 Creating stone hand axes requires causal reasoning, testing a hypothesis, abstraction,
planning and refining them, circa 1.5 million years ago.
Reproduced from Joy of Museums via Wikimedia Commons.

Becausewe know early human species created these complex tools(288) and because
recreating them today requires carefully refining the tools, we know they also used
these abilities. There is also no plausible alternative to explain how early humans rea-
soned and gained knowledge: these cognitive strategies were the only way to produce
such technologies.

Homo sapiens science (until about 11,000 years ago)

We are the result of millions of years of evolution, gradually emerging as a unique
species in Africa around 250,000 to 300,000 years ago.(278) Our evolution has shaped
the way we think and understand the world. It has given rise to our core cognitive
abilities to solve problems, experiment, reason about causes and effects, test ideas
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and hypotheses and develop methods—abilities used to create stone tools in the
Palaeolithic and run high-speed simulations with particle accelerators today.(290,298)

With growing social cooperation, our early ancestors developed more sophisti-
cated language systems. These cognitive bridges enabled us to describe what we
observe, share how tools work and better pass along tools and knowledge across
generations.(276,278,287,299) Imagination and abstraction also expanded in our early
ancestors, not only in toolmaking but also in symbolic cave paintings.(288,300) Today,
across science we also use representational models to simplify complexity—from sta-
tistical simulations and mathematical equations, to models of scientific discovery
(Chapter 6). Darwin himself sketched for example a model of a branching tree to
illustrate evolution, emphasising that all species are related and humans are on just
one branch of the same tree.(57)

Then came a massive ecological shift: the end of the last ice age around 11,000
years ago. This global climate change led to long-term settlements and catalysed
greater cumulative knowledge.(279,280) With our method-making minds, we then
developed remarkable techniques for domesticating animals. This relied on exper-
imentation and understanding biological reproduction, selective breeding to foster
specific traits, and animals’ nutritional needs. We then did not stumble on agricul-
ture, but created and refined innovative farming techniques over time. To cultivate
crops requires us to intricately understand how seeds, rain, soil quality and erosion
causally interact.(277,278) Farming emerged by careful, patient and iterative experi-
mentation using natural controls: testing different seeds, soils, timings and planting
techniques, and tracking seasonal cycles and comparing the outcomes to optimise
yields. Developing agriculture goes far beyond trial and error by controlling for these
variables—reflecting more systematic experimentation that resembles agricultural
trials today (Picture 7.2). The payoff of this method-making strategy was enormous:
it enabled stable food production, allowed more people to survive, generated a sur-
plus of labour and freed up time for innovation—whether in toolmaking or even
astronomy and mathematics that soon followed.(279)

Picture 7.2 Early farmers required reasoning about the causal interactions between seeds and rain,
and comparatively experimenting with seeds—circa 9000 BCE.
Reproduced from archaeology newsroom.

The advent of agriculture and animal domestication marked a massive leap in our
ability to actively shape andmanipulate the environment using ingenious techniques.
They were a milestone that enabled population density, more specialised labour and
methodological diversity to grow hand in hand—each influencing and amplifying
the others. What explains the difference between the pace at which we accumulated
knowledge over the last 10,000 years and the ever-increasing pace today is not a
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vast difference in our brainpower. Biologically, our brains have not changed much.
Rather, the difference lies in the surge in the variety and sophistication of the tools
and techniques we have invented, refined and passed along over generations.

Our evolved abilities for method-making and tool-making developed through
continual dynamic feedbacks between our physical environment, our cognitive
capacities and our social structures (Chapter 8).(276,287) These have enabled us to
build ever more complex knowledge systems, invent tools, organise societies and
ultimately lay the groundwork for science long before the 17th century. Our tools
are products of our method-making capacities harnessed to solve problems more
effectively. These abilities and methods evolve through a cumulative, bootstrapping
spiral: each method we create enhances the next, creating a reinforcing cycle of
innovation.

So a natural question arises: why have our early ancestors largely been forgotten
in the history of science? Because we do not have written records describing the
methods they developed and the theories they held. They did not leave us behind
direct documentation of their systems of language and numeracy—as the Sumerians,
Egyptians, Greeks and others did. So we return to the puzzle: if the deep foundations
of science—basically all the necessary methodological abilities to be able to reason
and do science—existed at least 11,000 years ago, why did we not develop modern
science then? Quite simply, these abilities alone are not enough.

Early civilisation science

As hunter-gatherer clans shifted into agricultural life, growing into villages and even-
tually cities,(279,280) we developed tools and knowledge at an unprecedented rate. Our
improvedmethods and tools changedmost aspects of our lives: from the cropswe cul-
tivated, to the more complex structures we built and lived in, to the early medical and
technological advances we made. With growing populations in the first civilisations,
we took large leaps towards science: around 6000 years ago, we developed the earliest
known systems of written language andmathematics.(279) These were enormous cog-
nitive upgrades. Babylonian mathematics developed fractions, algebra, Pythagorean
theorem and quadratic and cubic equations (Picture 7.3). These remarkable systems
marked a transformational shift in our thinking fromoral towritten knowledge. These
systems make recording and organising what we observe far more efficient. They
reduce our cognitive constraints in memorising everything, processing information

Picture 7.3 Babylonian mathematical tablet, circa 2000 BCE.
Reproduced from public domain.
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andmakingmathematical calculations—and evenmore accurate comparisons across
generations. Once ideas could be written down, tested and shared without distor-
tion, we could more efficiently build on our past methods and tools. It marked a leap
in how knowledge evolved: human thought and tools became more testable. These
advances can then bemore easily shared (without forgetting) from generation to gen-
eration. Creating systems ofwriting reflects a pivotal point in cumulatively developing
science, but also in understanding how science developed.

Around 5000 years ago, developing geometry can be traced back to Mesopotamia
and Egypt. It involved principles of areas, lengths, angles and volumes—used to
survey land, measure building materials, manage irrigation systems and study the
stars.(301) Geometry helped us plan,measure andmap the world and the sky. Creating
astronomy provided a strategic advance: it enabled us to use stars and the moon as
a clock for time keeping, a compass for navigating and a calendar for planning crop
cycles, weather and temperature. At least 4500 years ago, ancient Egyptian civilisa-
tion and Norte Chico civilisation in modern Peru constructed massive pyramids.
To construct a pyramid, we require—both then and today—developing principles
in engineering, architecture and geometry that are grounded in systematically mea-
suring, planning and experimenting. It reflects the kind of multi-domain thinking
that underpins science today. Early systematic thinking in medicine also emerged. A
surviving Egyptian medical textbook from around 1600 BCE outlines surgical pro-
cedures and instructions for treating fractures, tumours and wounds. It follows a
clear experimental structure: diagnosis, intervention and prognosis.(302) It is not
modern medicine—but it is methodical, corrective and cumulative. These early
systems—writing, geometry, astronomy and medicine—paved the way for science
by increasingly freeing our minds from the limits of oral memory and isolated
trial-and-error.

Surprisingly, our ability to design controlled experiments stretches back at least
to the Old Testament.(303) The book of Daniel (1: 12–13) describes an experimental
trial with control groups that tests the influence of a vegetarian diet: ‘Test your ser-
vants for ten days. Give us nothing but vegetables to eat and water to drink. Then
compare our appearance with that of the young men who eat the royal food [and
drink wine], and treat your servants in accordance with what you see’. This is a
classic controlled experiment: two groups, two diets, one observable outcome. The
core logic of experimentation is clear: isolate a variable, control the conditions and
observe the effect—asking ‘what happens if we change just one factor?’ To conceive
and design such a controlled experiment—whether in ancient Babylon or in a mod-
ern hospital—we have to integrate multiple cognitive skills. It demands systematic
reasoning to test whether a potential cause (a vegetarian, water-based diet compared
to a non-vegetarian, alcohol-based diet) has an observable effect on people’s physical
appearance. It requires carrying out a trial and recording and comparing the out-
comes of the physical appearance between the two groups after 10 days, and then
drawing inferences from the trial outcomes to inform people’s diets in the future
(Picture 7.4).

Today, we rely on these same method-making skills when designing clinical tri-
als, but we amplify them with advanced tools like randomised controlled trials and
statistical modelling. In the 19th century, we then combined controlled experiments
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Picture 7.4 Controlled experimentation using a treatment and control group described in the Old
Testament, 2nd century BCE

with newly developed methodological features like blinding and randomisation to
reduce human bias.(304) So how did we become able to do this kind of extraordinary
experimental reasoning in the first place? It is the remarkable flexibility—plasticity—
of our cognitive architecture that enables us, often through trial and error, to develop
techniques to test interventions and isolate causes from correlations. From testing a
hunting strategy to testing a crop rotation, our ancestors had to isolate causes, adjust
interventions and watch the results—over and over again.

What is astonishing is that civilisations across different regions of the world—the
ancient Babylonians, Chinese, Mayans and others—developed agricultural, math-
ematical and technological systems largely independently, by using these method-
making abilities and tools in increasingly experimental ways. Because they developed
them largely independently illustrates that these enabling conditions are robust fea-
tures of the humanmind. These early systems were lenses through which we began to
see the world in more structured, analytical ways—seeing patterns and possibilities,
not just events and outcomes.

Ancient Chinese and Ancient Greek science

With a remarkably hands-on, experimentalmindset, the ancientChinese pioneered—
as the first or independently—an impressive array of experimental advances that
outpaced earlier civilisations and even their Mediterranean counterparts, the ancient
Greeks.(195) From immunisation techniques, magnetic compasses, negative numbers
and the ‘Pascal’ triangle, to sophisticated astronomical records of supernovae, seismo-
graphs, advanced irrigation systems and quantitative cartography, Chinese innova-
tion was driven by a pragmatic commitment to method andmeasurement.(195,305,306)
Ancient Chinese also devised papermaking and printing that preserved, spread and
accumulated that growing knowledge—while ancient Greeks used slaves to hand-
copy texts. They created a more complex system of astronomical records than any
previous culture—including detailed star catalogues and observations of eclipses and
supernovae. Because of these meticulous observations, our records in contemporary
science are able to go back millennia and link to observations we make today.(195,307)

These advances allowed the ancient Chinese to predict and control aspects of
the natural world with striking accuracy through new methods.(308) Take their
smallpox immunisation technique: the groundbreaking method involved making
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a powder-based vaccine out of smallpox scabs from infected individuals that
was administered through nasal inhalation or small incisions into the skin of
healthy individuals (Picture 7.5). This produced a milder, controlled infection that
offered immunity—drastically reducing mortality from smallpox by 20–30%.(195)
This incredible method mirrors today’s immunology and vaccine logic: introduc-
ing a weakened form of a pathogen to train the immune system. It reflects the
complex outcome of experimental strategies and a causal understanding of disease
transmission. This striking depth in methodological thinking—applying methods to
tackle chance—was not confined to medicine. The Chinese state actively supported
experimentation across domains—from engineering and geology to technology and
alchemy/chemistry.(307)

Picture 7.5 Ancient Chinese developed a smallpox immunisation technique that required
understanding the causes and effects of the disease and how to control it.
Reproduced from Wellcome Library, London.

Take the invention of the mechanical clock engineered in the 8th century China—
and later in the 13th century Europe.(285,309) What does it take to create such a
sophisticated technology—not just then, but now? We require a deeply methodical,
cumulative process: observing mechanisms at play, experimenting to test different
designs, reasoning about causes and effects to understand how gears and springs
interact, and testing hypotheses to ensure each piece fits and functions precisely.
Inventing a mechanical clock also demands abstract thinking to plan and imagine
it, predictive reasoning to foresee its use for timekeeping, mathematical reasoning to
divide time into repeatable units like 24 hours, 60 minutes and 60 seconds, and deep
understanding of the complex interactions of the different parts as a whole. It is about
building a remarkable system that precisely measures and regulates the world around
us. It even suggested that nature could be thought of as operating like a mechanical
machine.(220) The same kinds of reasoning andmethodical thinking are at the heart of
scientific reasoning today. And the future of AI largely depends on designing systems
that can flexibly do and combine such diverse reasoning. In fact, developingmechan-
ical clocks can require as much complex reasoning, experimenting and knowledge
as needed for example for Galileo to discover the moons of Jupiter using a telescope
or establish that objects of different weights reach the ground at the same time by
dropping and testing them. A powerful insight emerges: what matters most is not the
object, but the method.

Take also the ancient Greeks. Erasistratus for example tested weight loss by repeat-
edlyweighing a captive birdwhile controlling its food intake—another one of history’s
many early controlled experiments.(310) Archimedes uncovered the principles of
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levers and buoyancy—fundamental principles in the fields of physics andmechanical
engineering.(102) The Pythagorean theorem, developed around 540 BCE, was applied
as a cornerstone for developing Euclidean geometry around 300 BCE. Euclidean
geometry then enabled Eratosthenes tomake the remarkable calculation of the Earth’s
circumference around 240 BCE at 252,000 stadia—astonishingly close to the actual
measurement of 40,075 km.(311)

In the Islamic Golden Age, the 11th-century polymath Ibn Al-Haytham made a
vast methodological leap: collecting rich experimental evidence to pioneer elaborate
theories of vision, light and colour. His groundbreaking work not only covered optics,
but also inertia and mechanics—centuries before Newton. One of his most influ-
ential works, the seven-volume Book of Optics (Kitab al-Manathir), was completed
in 1021,(312) becoming one of the most important scientific texts of the medieval
period. After its translation into Latin in the late 12th century, it circulated widely
across Europe and influenced the work of scholars including Newton himself. This
legacy earned Al-Haytham the title of the father of optics.(313) He also described and
applied the classic scientific method, namely doing controlled experiments to prove
a hypothesis applying verifiable procedures and mathematical logic.(312) He is often
seen as the greatest physicist of the medieval era. Yet today, despite his monumental
influence in past centuries, most have likely never heard of Al-Haytham.(313)

There is a striking pattern here. The key condition for innovation across these
diverse contexts was not just geography or culture,(276–279) but the patient, deliber-
ate investment of attention and intellectual effort: method has emerged where we
dedicate the time to observe and experiment systematically.

That is how, over 1.5 millennia up to the 1500s, Chinese thinkers were able to
design mechanical clocks and engineer the chain drive and long iron-chain sus-
pension bridges—through systematic experimentation and ever more precise tools.
This sustained institutional memory of existing technologies over time had a spiral
effect. It enabled creating branches of physics—optics,magnetismand acoustics—and
hydraulic engineering. It fed into pharmacology, publishing the first official book of
medicinal drugs that outlined techniques for how to use them and their effects. It trig-
gered developing one of themost ambitious intellectual projects in history: theworld’s
largest physical encyclopaedia, the Yongle Encyclopedia—a state-sponsored project to
codify and preserve the vast corpus of accumulated knowledge.(195,314) By the 15th
century, the Chinese had built the most sophisticated scientific and engineering sys-
tem that the world had ever seen—fuelled not just by innovation, but by a foundation
of long-term social stability.(306) Importantly, the Chinese architects of these remark-
able methods and technologies did not necessarily rely on mythology, religion or the
supernatural. But they had to rely on our general abilities of systematic observation,
iterative problem-solving and methodical experimentation.

So we return to a puzzle raised in Chapter 3: who then actually invented the
classic scientific method? We cannot meaningfully talk about the founders of the
classic scientific method in any general sense. Yet if we were to, then the first hunter-
gatherer groups who developed methods and tools may be the best candidates as
the founders—because they were the first to systematically observe, reason causally,
experiment and imagine to be able to develop the methods and technologies that
science relies on. As long as we have existed, we have used these methodological
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abilities in ever more systematic ways. We see them in the work of Archimedes and
Democritus in ancient Greece, laid out in systematic detail in the 11th century by
Al-Haytham,(312) and reiterated again in the 13th century by Grosseteste,(315) Roger
Bacon(316) and Aquinas;(317) and later in the 17th century by Francis Bacon,(204)
Galileo(318) and Newton,(263) alongside others. The term the founder of the classic
scientific method has been attributed to each of these scholars.

How did we develop modern science around the 17th century?

This is one of the great unsolved mysteries in the history of science.(285,319) Common
explanations point to a mix of external factors: the role of Christian worldviews, the
spread of capitalism and wealth, the printing press and greater political and social
liberties—conditions that supported scholars like Galileo and Newton. (281–285,306)

Some argue that Christianity fostered science through a belief in laws of the universe
governed by God—mirroring scientific laws.(281,282) But Christianity emerged over
1.5 millennia earlier and did not trigger more scientific and technological advances
than the Chinese or Arabs.(195) Protestant values also do not seem to explain the sci-
entific change,(283,285,320) as the earliest of these European scholars, Copernicus and
Galileo, were in fact Catholics.

The rise of contemporary capitalism and growing economic prosperity helped free
up time for more people to study the world.(281,285) But wealth does not explain why
and how they studied nature in more methodical ways. Paper and printing certainly
played a critical role in spreading new methods and knowledge.(284,320) But these
technologies had been developed and widely used in China for nearly two millennia,
and movable type printing was only later brought to Europe in the 13th century.(321)
As for political liberties, Chinese scholars—despite lacking Europe’s democratic
institutions—developed more remarkable advancements before Europeans up to the
15th century.(195,285,306) So what changed in Europe? Leading researchers remain
divided on the causes of this scientific shift, and historians of science highlight the
persistent lack of consensus. (220,285,319,320,322) Broad external factors (greater wealth,
freedom and printing) supported the spread of knowledge, but it was our tools that
created the new knowledge itself. So external factors do not explain the direct spark
itself. Yet did science suddenly begin in the 17th century or was its greater potential
rather unlocked—with the right tools—finally being invented, within one of several
stable social environments? Researchers have largely overlooked what enabled us—
internally—to actively catalyse this scientific change: inventing new methods and
tools that directly triggered the major breakthroughs.

We find a striking pattern: six groundbreaking methods and tools set off the chain
reaction of discoveries that defined the 17th century—the first remarkable new inven-
tion was the microscope in 1590 and sparked the creation of the telescope in 1608,
followed later by the barometer in 1643, the vacuum pump (air pump) in 1659, early
statistics in 1663 and calculus in 1675. Each one extended our senses in unimaginable
ways, sharpened our reasoning or amplified our ability to measure and predict. What
changed in the 17th century was not just what we studied, but how we studied. More



210 THE ENGINE OF SCIENTIFIC DISCOVERY

systematic observation, more precise measurement andmore controlled experiments
were made possible by these new powerful methods and tools. These tools visualised,
detected and measured in entirely new ways—as the key difference we see in the work
of the pioneering scholars at the time compared to their predecessors.

Modern science—with its emphasis on formal methods, rigorous testing and
sophisticated instruments—was born by leveraging these six extraordinary innova-
tions. Galileo, Hooke, Boyle, van Leeuwenhoek, Newton and their contemporaries
did not stumble on their insights using just our mind. But only by deliberately apply-
ing one or more of these new tools were they able to observe and explore entirely
new domains—expanding our understanding in astronomy, biology, physiology,
pneumatics, mechanics and optics. The fascinating telescopic breakthroughs quickly
spread across Europe, making clear the power of systematic observation that is
replicable.(193) About a decade later, Bacon then highlighted these features again in
describing scientific methodology in 1620.(204)

These remarkable new tools mark this transformative change—from early science
to modern science—because they enabled an entirely new access, reach and under-
standing of the world. The microscope made it possible to peer into a world invisible
to the naked eye. The telescope opened up the solar system and enabled us to map
out new stars and planets. The barometer allowed us to measure invisible forces like
atmospheric pressure. The vacuum pump let us isolate gases. Statistics gave us a way
to grapple with hidden patterns and uncertainty and understand probabilities. And
calculus enabled us to express dynamic systems precisely and provided a language
for change and motion. Together, these innovations enabled the deeper experiments,
the more reliable measurements and the more robust theories that characterise the
breakthroughs of the 17th century. These new tools are the key engine of the sci-
entific transformation at the time. In short, our adaptive toolbox expanded rapidly,
vastly extending our universal toolbox with these more precise methods. So rigorous,
controlled science—modern science—was made possible through:

• New methods and tools: we developed more sophisticated instruments—by
building on existing tools—that drove the major discoveries of the 17th century.
o Mathematical measurement: we specifically used improved mathematical

methods to explain nature in quantifiable terms—seen in some major discov-
eries in the 17th century.

o Theoretical methodology: we then deepened our methodological and theoret-
ical understanding of science (how we do science using methods)—seen in
some major discoveries in the 17th century.

The scientific revolution was, at its core, a method revolution: sparking discover-
ies by improving and systematising our tools. We can best understand the scientific
change through this method change. Geography, culture and religion did not sud-
denly change in the 17th century. These broad factors cannot directly explain the
sudden leap in the sophistication of our methods seen in the work of Galileo and
Newton—seen in the new ways they could study the world. With science sparked by
new tools, what then sparked this surge of new tools—and why in Europe? How and
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why exactly did scholars observe,measure and experimentwithmore systematic tools
that enabled the chain of new discoveries?

The invention of the microscope and telescope: the key turning point
that sparked multiple groundbreaking discoveries and modern

observational and experimental science

Our evolved capacities of human perception and reasoning could only take us
so—with progress slow over centuries. Science, bounded by our mind and senses,
largely plateaued. Then came a turning point in scientific history: the invention of
two transformative instruments—the microscope in 1590 and the telescope in 1608.
With these tools, we opened up entirely hidden worlds far beyond human reach
and imagination: from extraordinary microscopic organisms to distant planets we
never knew existed. These two tools triggered a chain of surprising major break-
throughs: from discovering cells, capillaries and bacteria, to the moons of Jupiter,
Saturn’s rings, the motion of stars, and galaxies beyond our own. Each changed our
understanding of life and the universe, like nothing that came before. These innova-
tions arguably accelerated science and human understanding at a pace unmatched
by any other development in history up to their invention. They triggered a feedback
loop: better tools led to better discoveries that fuelled the demand for more precise
and powerful instruments. This runaway dynamic put science on a self-reinforcing
path of growth and exploration. These tools inspired wider curiosity in studying the
fascinating invisible world and spurred the emerging scientific community.

We argue that these two path-breaking inventions at the turn of the 17th century
marked the critical tipping point: the beginning of modern observational and exper-
imental science. The microscope and telescope were the key spark, when we began
putting ever more powerful tools in our hands that vastly surpassed the human mind
as the central driver of perception, exploration, imagination, reasoning and theorising.
Science rapidly shifted from largely mind-driven to tool-powered: tools that enabled
outseeing, outmeasuring and outthinking what came before. These groundbreak-
ing tools proved just how transformative the power of integrating observation with
instruments could be.

But somemight ask—if contemporary science is driven by new scientific tools, and
tools aremade by scientists, is that not circular? Surprisingly, themicroscope and tele-
scope were not in fact made by researchers but by two Dutch eyeglass shop owners:
Zacharias Janssen and Hans Lippershey—who did not do scientific research. Simply
trying to enhance eyesight beyond what ordinary glasses could offer, they stumbled
upon these innovations without any research purposes in mind.(46,140) These two
craftsmen just happened to live in Europe—in the small town of Middelburg in the
Netherlands—and just happened to create simple magnifying extensions to glasses
in their eyeglass shops.(46,140) Lippershey did apply—once its potential became more
clear—for a patent for the telescope in 1608 as he thought it could perhaps be use-
ful for military or naval purposes.(140) But others—Galileo in Italy and Hooke in
England—began using these optical curiosities to study the world around us.(111,193)
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Galileo turned the telescope up to the sky—marking the fundamental transformation
in modern, perception-enhanced science. Hooke then pointed the microscope down
into the biological world. Once they published their new groundbreaking observa-
tions, the potential of these ‘seeing devices’ spread rapidly. Only later were the tools
formally named the microscope and the telescope. What is striking is that tools built
with no scientific goal at all ended up rewriting science itself.(46,140) Looking through
those first lenses, we saw an extraordinary world never perceived, predicted or imag-
ined before. A key insight emerges: the microscope and telescope were the critical
spark enabling most groundbreaking discoveries of the 17th century—more than
individual cases of genius, formal funding or large teams.

These two unexpected research tools sparked a chain reaction of unexpected
discoveries—laid out above—without previous knowledge or theories about the
phenomena they revealed. These fascinating optical curiosities pushed science across
a critical threshold—a point of no return that had not been crossed before and
captured the attention of scholars, the public and even governments. Remarkably,
these two Dutch eyeglass shop owners—crafting practical optical devices rather than
theories—were key catalysts in unintentionally spurring and consolidating modern
science. They gave us entirely new lenses to see the world, while some scholars were
still relying heavily on their mind to reason about the world.

A deeper methodological insight arises here: these groundbreaking discoveries
were beyond our reach and imagination before creating these instruments, but the
odds of discovery jumped once they were invented. Using quasi-experimental logic
helps understand the cause-and-effect relationship. These transformational tools
were not built intentionally as scientific tools to make discoveries, so the tools—the
intervention—were at first not directly related to the outcome: the discoveries. The
causal effect is straightforward: before we invented the tools, these discoveries—from
red blood cells to Saturn’s rings—were not possible; but after we created the tools,
we could directly observe andmake these discoveries by using them (Chapter 1). The
inventions came first, and the insights followed their use. These instruments were like
chance interventions—introduced into a system without initial intention, yet they
became the key causal driver of the major discoveries at the time. Without them, the
breakthroughs could not occur; with them, they became vastly more likely. And in
some cases they were almost inevitable if put into the hands of researchers. In short:
when these tools were created, the odds of modern science emerging grew rapidly.

But what about the few exceptional cases like Copernicus’s heliocentric model,
developed before these two tools? Copernicus’s model, proposed in 1543, was a bold
hypothesis, but speculative and conceptual.Hedevelopedhismodel using a quadrant,
astrolabe and mathematical calculations. But his model lacked convincing observa-
tional evidence. It was the telescope’s discoveries—especially Galileo’s observation of
the phases of Venus and Jupiter’s moons, orbiting something other than Earth—that
provided the powerful evidence that celestial bodies do not have to revolve around
us.(186,193) With telescopic findings, the abstract heliocentric model gained traction.

Think of the fascination many of us experience the first time we look through a tele-
scope or microscope—the thrill of seeing an unknown world with our eyes. This same
sense of wonder likely inspiredmany 17th-century scholars—observing star systems and
miniscule living organisms not ever seen before—to explore nature and the unknown
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using these fascinating tools of discovery. These tools marked a break from thousands
of years of understanding the world using only the naked eye—often with specula-
tion outpacing evidence. These optical breakthroughs are key in explaining the divide
between scholars before the 17th century and those who followed and got their hands
on these new lenses. These tools of exploration are not just likely, but necessary, to
explain how the course of scientific methodology and history drastically changed.

Interestingly, telescopes became themostwidely owned of these 17th-century tools,
once commercially available, generally for wealthy and educated citizens. Even some
hobby astronomers made major (non-nobel-prize-winning) breakthroughs. One of
them, William Herschel, originally a musician with only a secondary school edu-
cation, discovered Uranus in 1781. His sister, Caroline Herschel, discovered comet
35P (Herschel-Rigollet) in 1787. Neither was affiliated with any institution when they
made these discoveries.(140) They are examples of what the right tool in curious hands
can do. Other existingmethods—like geometry or quadrants—were confined to a few
specialised scholars over millennia. They lacked a broad, intuitive appeal to become
widespread tools for exploring the world.(186) This also helps explain why, even today,
households in developed countries rarely own a quadrant or astrolabe, but are more
likely to own a telescope or microscope.

This leads to another crucial point: the tools used to study the world in the 1500s
and earlier—such as the quadrant, astrolabe, armillary sphere and geometric meth-
ods that Copernicus also used—were developed in antiquity, generally millennia
earlier.(186) These tools were mainly used for measuring navigational and astronom-
ical positions and as geometric aids that organised what we could already observe
with the naked eye. No tool capable of vastly extending our perception emerged in
human history preceding themicroscope and telescope—which did reveal entirely invis-
ible phenomena and soon led to other perception-enhancing tools like the barometer
and vacuum pump. Magnifying lenses only improved visibility of already observable
objects.(46,140) The contrast could not be stronger between pre-1600 tools that studied
what was already visible, on one hand, and themicroscope and telescope that opened
entirely unimaginable realms of observation, on the other.

This marks a striking and overlooked insight: the pre-1600 tools trace back to
ancient times, while the microscope and telescope—and other perception-enhancing
tools that followed them—trace forward to science today. This key transition—from
inherited tools to newly invented tools that augment our perception—represents the
most fundamental divide in the history of science and the first rapid acceleration of
making new discoveries they enabled. Other factors do not compare in impact in mak-
ing those new breakthrough observations possible. But surprisingly, this instrumental
turning point—the new tools thatmade the discoveries possible and their unexpected
origins—has been largely ignored by researchers studying the origins of modern
science.(281–285,306) This instrumental revolution sparked the scientific revolution by
seeing and measuring the world in entirely unthinkable ways, like nothing before
them.

These two breakthrough inventions inspired and triggered the development of
a series of other successful tools that could also expand our mind and senses—
the barometer, the vacuum pump, early statistics and calculus. Together, this set of
six fundamental tools—the first systematic scientific toolbox in history—created an
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entirely new foundation for studying the world. This toolbox also set off a cascade
of further inventions—including the thermometer. While our evolved human mind
remained extraordinary, it became clear just how limited our raw senses had been.
No longer did we rely largely on our unaided mind. Aristotle’s era of largely mind-
based knowledge began to give way to a new source of inspiration: our hands-on
instruments.(323) These not only extended our perception, they stretched what was
possible and our very imagination. Seeing microbes or Saturn’s rings was not just
extraordinary observational knowledge—it reconfigured what we thought the world
was and vastly expanded our imaginative world. These tools transformed what we
believed was worth exploring.

Uncovering these new phenomena made it impossible to rely just on Aristotle.
Science ultimately took off when we stopped relying solely on human intuition and
started building instruments that stretch what we are capable of knowing. And sci-
ence would accelerate rapidly when the scientific community, as a whole, recognises
the enormous power of new tools and methods and devotes greater effort and time to
develop, test and refine them. For breakthroughs do not come from just inspiration
and new questions. But history shows that new instruments are commonly the key
spark of inspiration, new questions and unexpected answers—as became clear with
the six new pioneering tools of the 17th century. The main driver of science shifted
from our minds to our external experimental tools. Understanding this shift—from
mind-led to tool-triggering science—helps us understand why fields at times hit a
plateau. Think of much of theoretical physics, theoretical economics and philosophy
of science today. Progress stalls generally because they rely too heavily on the unaided
mind. When methods stagnate, so do our questions and answers, which the major
scientific shift before and after the 17th century revealed. To break the stagnation, we
need more powerful tools of resolution, precision and thought—enabling us to probe
deeper and reframe problems.

So why, after thousands of years of creating tools, did we suddenly begin inventing
such powerful ones at the turn of the 17th century? It was serendipity. Dutch eye-
glass makers happened to experiment with better lenses and ended up building these
optical devices: devices that unexpectedly happened to vastly expand our senses and
completely transform how we understand nature with a simple lens. A natural ques-
tion arises: could modern science have emerged centuries earlier if lens-makers had
happened to experiment with magnifying lenses sooner? It is plausible because the
wonder-inspiring telescope and microscope uncovered invisible worlds and catal-
ysed fields like modern biology, physiology, astronomy and optics. What is clear is
that these primitive, but powerful initial tools sparked a snowball effect of curiosity
and reshaping our understanding of nature unlike anything before.

Over time, we gradually applied new tools not just to problems with clear practical
payoffs (technological knowledge), but also to questions whose significance was not
always immediately clear (scientific knowledge). Developing technology and science
go hand in hand, with reinforcing feedbacks. New tools opened new frontiers, and
those frontiers demanded even better tools—the heart of the scientific revolution. The
story of the telescope and microscope exemplifies this well: what started as optical
curiosities quickly evolved into the central engine of discovery.



THE ORIGINS OF OUR TOOLBOX 215

Greater use of mathematics to describe what new tools uncovered

Newton is often seen as the greatest of 17th-century scientists—portrayed as a lone
genius relying on mathematical methods for his transformational breakthroughs:
the laws of motion, universal gravitation and optics.(220,322) Yet his work was not a
product of sudden insight. It emerged from the broader tool revolution in science
sparked by new instruments that enabled observing and measuring the world with
unprecedented precision. This transformation culminated at the end of the century
in Newton’s Philosophiae Naturalis Principia Mathematica in 1687. Newton inher-
ited a scientific landscape already transformed by instruments and experiments. He
built on powerful new tools like the telescope and was deeply influenced by Galileo’s
experiments on motion, Boyle’s work on pressure using the vacuum pump, and
Hooke’s meticulous empirical studies—all of which relied on newmeasurement tools
and repeatable experiments. He also inherited rapidly expandingmathematicalmeth-
ods, including analytic geometry developed by Descartes, and early forms of calculus
pioneered by Fermat and Wallis.(263)

Newton built extensively on Galileo’s experimental findings on acceleration and
on rich observational data of planetary motions. Recognising the telescope’s extraor-
dinary power, Newton himself developed a reflecting telescope. He also conducted
prism experiments demonstrating that light consists of a spectrum of colours—with
theory following experiments. This toolbox helped lay the groundwork for mathe-
matics to describe what these instruments helped reveal: motion, force and light. It
was observation and measurement that demanded better mathematics to express the
motion of falling bodies and celestial objects. Newton developed calculus—as Leibniz
did independently in 1675—as a means to formulate his theories and make better
predictions.(263)

Remove one of these foundational elements—the telescope’s observational power,
the experimental data from these other new instruments, or the mathematical meth-
ods for expressing dynamic relationships—and Newton’s achievements would not
have been possible.(263) Newton’s ability lay in synthesising previous research, and
experiments using instruments, with these mathematical methods.

Newton could see further because he, in his own words, ‘stood on the shoulders of
giants’—and those giants had access to the right new tools.(263) In the centuries lead-
ing up to Newton, engineers, architects, surveyors, navigators and watchmakers were
using quantitative methods to solve real-world problems.(281,320) Leveraging these
successful mathematical methods, a small but growing group of scholars increasingly
integrated the methods into science. We can trace these scientific roots even further
back. In Newton’s seminal Philosophiae Naturalis PrincipiaMathematica, we see how
he applied our mind’s evolved abilities to observe and experiment, he adopted the
numerical system created by ancient Indian mathematicians and brought to Europe
through the work of Islamic scholars, he used geometry refined by the mathemati-
cian Euclid in ancient Egypt, he wrote in Latin created by the Romans and on
paper invented in China, he employed algebra developed by various cultures across
millennia, and he was influenced by Ibn Al-Haytham’s pioneering theory of optics
(Picture 7.6).(263,313)
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Picture 7.6 Newton’s seminal book is the outcome of cumulative methods and knowledge developed
over time, 1687.
Reproduced from New York Public Library.

Physicists often credit mathematics—especially as embodied inNewton’s work—as
the central driver of the scientific revolution. Butmathematics was onemethod. These
powerful experimental tools and observations opened up entirely new realms of
reality—findings that could then be describedwithmathematics.Many pivotal break-
throughs of the 17th century—such as biological and medical discoveries including
the circulation of blood in 1628, capillaries in 1661 and cells in 1665—were derived
from experiments and the new microscope.(220) Breakthroughs relying on mathe-
matics were mainly concentrated in physics. How modern science arose cannot be
reduced to mathematical advances. New microscopes and telescopes were critical in
better observing anduncovering the nature of life and the universe. (These observable
scientific explanations also increasingly reduced the need for religious explanations
of how the world works, though Galileo and Newton remained Christian.)

Tools and methods sparked a deeper understanding
of scientific methodology

As these pioneering experimental tools uncovered new layers of knowledge, scien-
tists increasingly focused on how we apply a method or tool: scientific methodol-
ogy. Researchers began combining differentmethodological approaches—integrating
for example experimental methods, mathematical methods or causal inference—
to generate more reliable results. This method integration allowed for experiments
that were more quantifiable, testable and replicable, and helped establish clearer
cause-and-effect relationships. We see this layered methodology in the works of
Galileo, Boyle and Newton.(193,263) With each new tool—microscopes, barome-
ters, calculus—methodology evolved into an expanding toolkit that more explicitly
stressed experimentation and measurement. Boyle—working with the new vac-
uum pump—conducted controlled experiments, and became a leading advocate
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for controlled, repeatable experiments. Galileo and Newton merged instrumental
data with mathematical reasoning. These developments spurred a broader meta-
understanding of the scientific process itself: not just what but how we should apply
science’s tools and methods. At its core, scientific methodology is about improving
how we use tools. The success of the experimental breakthroughs made clear: a more
systematic, more controlled methodology of studying the world could uncover truths
of nature once thought unreachable.

Centuries earlier, Al-Haytham in the 11th century(312) and Grosseteste(315) and
Roger Bacon in the 13th century(316) had also stressed the need to unify observation,
experiments and methods with theory. What they lacked were the powerful tools for
observing and experimenting that 17th-century scholars finally had in their hands—
ultimately enabling scientific methodology and testable science to reach its greater
potential. Scientific methodology added a meta layer to science—making how we
applied our toolbox more systematic and robust. The concept of scientific methodol-
ogy, in its explicit form, spread. With better methods came the hope that we could
finally solve the great puzzles of stars, planets, human biology and the causes of
diseases. The spark of the scientific revolution was not a new hypothesis or new
experiment—it was a new way of seeing that led to entirely new types of hypothe-
ses and experiments and to realising their importance. After the invention of these
two tools, Francis Bacon, inNovumOrganum in 1620, then reiterated the importance
of methodology. He highlighted that knowledge should not come from speculation
but from inductive reasoning grounded in carefully collected evidence.(204) And this
is precisely what these new tools had been generating at the time. They provided
a systematic, unifying framework for cross-disciplinary inquiry, from astronomy to
biology—moving beyond philosophical speculation.

The core insight here remains unchanged today: great tools and methods not only
make discoveries possible but alsomake them reliable, repeatable and robust. Science
keeps refining its methodology—for example through more rigorous experimental
controls, randomisation and robust statistical inference to draw clearer conclusions.
These methodological features were largely developed in the 19th and 20th cen-
turies within medicine and public health. It is here where the stakes are at times life
and death and the demand for methodological rigour is especially high. A powerful
new method emerged in the mid-1800s: the natural experiment. It was pioneered
by the British epidemiologist John Snow in his groundbreaking study in 1855 of
a deadly cholera epidemic in London.(264) Snow studied a ‘natural’ separation in
the water supply across different neighbourhoods, comparing disease rates between
areas served by different pumps. By linking the prevalence of cholera to contami-
nated water drawn from a single public pump, compared to other public pumps that
were not contaminated, he provided an effective method of using data to infer causal-
ity in public health. This offered compelling evidence of the cause of cholera: water
contaminated by sewage. His findings convinced local authorities to take action—
and the outbreak stopped.(324) It was a turning point in public health: an excellent
example of how combining observational data with thoughtful methodology saves
many lives.

Nearly a century later, in 1948, another major method breakthrough transformed
medicine and public health: the first randomised controlled trial. Developed by epi-
demiologist and statistician Bradford Hill, the method was applied in a landmark
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study testing a treatment (streptomycin) for tuberculosis in London—one of the
most deadly diseases of the time.(133) By randomly assigning patients to treatment or
control groups, the RCT introduced an entirely new methodological rigor: it vastly
reduced bias, clarified cause and effect and set a new methodological benchmark for
future studies.(134)

Then came the invention of computers—since themid-20th century—that sparked
a deep transformation in how we conduct science: making it far more systematic,
scalable and replicable than ever before. Where scientists once relied on slow data
collection and manual calculations, they can now rapidly process vast datasets, run
complex statistical analyses automatically, replicate experiments with striking preci-
sion and even run many experiments at the same time—all of which were unimagin-
able before.(90) From basic data analysis to running millions of simulations, digital
technology has made scientific methodology much faster, more methodical and
infinitely more scalable. New computational methods—powered by big data, large-
scale statistical simulations,machine learning andAI—have transformed entire fields,
uncovering patterns and layers of complexity we never saw. The internet has also
reshaped the speed and openness of science: research can now be quickly published,
reviewed, replicated and improved by scientists across the globe. These developments
are spurring a digital and AI revolution—one that can redefine how efficiently and
quickly we do science.(90,249,268)

National scientific societies, the growing scientific community
and systematic observational methods took off after, not before,

the microscope and telescope

Modern science was seeded in 1590 with the microscope and truly ignited in 1608
with the telescope—triggering the first large-scale surge of public and scholarly
interest in science. These tools laid the critical foundation and catalysed science’s
instrumental, demographic, institutional and conceptual development in the decades
that followed. Here we synthesise the key insights. Modern science followed—not
preceded—the invention of these first groundbreaking instruments:

• These optical breakthroughs were the first tools in history to fundamentally
extend human perception—breaking with millennia of inherited instruments
from antiquity. In contrast to ancient tools—from quadrants to geometry—
used to study the world in the 1500s and earlier, the microscope and telescope
revealed phenomena previously unimaginable, both at very small and very
distant scales.(46,140)

• They fundamentally transformed our relationship with nature and how we
interacted with it—shifting us from observers using our evolved naked eye to
active discoverers. These tools transferred authority from ancient Aristotelian
texts to nature itself—to what we could actually see through these fascinating
lenses. At its core, modern scientific consciousness lies in transcending our
natural sensory limits through technological innovations.



THE ORIGINS OF OUR TOOLBOX 219

• These two optical instruments turned, for the first time, isolated insights into a
sustained engine of discovery, unexpectedly sparking most of the major discov-
eries of the 17th century. The tools did not just uncover unknown phenomena
about life and the universe—but they forced us to redefine how we understood
nature, and triggered modern observational and experimental science.

• These fascinating tools of discovery sparked widespread curiosity and attracted
a growing community of scholars. Works like Galileo’s Starry Messenger and
Hooke’s Micrographia showcased these new instrument-driven discoveries,
quickly becoming widely read and influential—and catalysing the scientific
community.(111,193) Before this optical revolution, natural philosophy was a
fragmented and minor pursuit. In 1600, fewer than an estimated hundred indi-
viduals, mostly in Italy, engaged in regular inquiry; by the end of the century, a
community began to emerge that spread to England, France and Germany.(325)

• The exciting telescopic and microscopic breakthroughs motivated the establish-
ment of the first major national scientific societies—beginning with the Royal
Society in 1660, whose early members used these tools including Hooke, Boyle
and Newton. The French Academy of Sciences followed in 1666 and then the
Berlin Academy of Sciences in 1700. These institutions—and the first scien-
tific journals that soon followed—mark how science had transformed into a
tool-enhanced, observation-led system and demanded debate about the surge
of these new breakthroughs.(103)

• These powerful tools made systematic observation the gold standard, redefined
what counted as valid evidence and enabled science to truly become replica-
ble. They gave science its first universal language of evidence: scholars across
countries—for the first time—could observe the same phenomena, apply con-
sistent tools and methods and validate each other’s findings. The success of
these instruments catalysed how to use them better. Indeed, the tools themselves
embody methodology: systematic observation, inductive evidence and experi-
mentation. In 1620, about a decade later, Bacon emphasised these features again
in describing how science should be conducted.(204) These better instruments
enabled better observations and demanded better hypotheses.

In summary, before the invention of the microscope and telescope, science had
not yet surpassed the limits of ancient tools or transcended our evolved sensory
limits—but their arrival marked the moment we finally did. With their invention, we
gained direct access to entirely new realms of reality at microscopic and astronom-
ical scales that were previously unimaginable. And after their invention, we observe
three large scientific developments: these instruments did not emerge from scien-
tific institutions, or from a large scientific community, or from a formal scientific
methodology, but they preceded and inspired them. Their transformative impact
forced science to evolve and grow, to create new institutions that could share and
publish these breakthroughs and to apply more systematic methods for observation
and confirmation. More so than other factors, the transformative power of these
new instruments better explains the rise of modern science by enabling these very
breakthroughs.
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And what is key is that they did not arise from science at all, but unexpectedly
from two eyeglass makers—Janssen and Lippershey—experimenting with lenses; yet
they ultimately made modern science possible. These two instruments did not help
science, but fundamentally redefined it: forcing natural philosophy to transform
into modern science. They illustrated what science was and could become. They
completely changed the sophistication of science’s major tools before and after this
decisive point. In short, science did not take off because we asked better questions,
but because these tools finally offered what natural philosophy had lacked: reliable
access to new evidence of unimaginable phenomena—triggering new explanations
and theories like nothing before. And this same dynamic powers science today,
driven by modern instruments that build on that first, transformative leap in sen-
sory enhancement that supercharged discovery. From scanning electronmicroscopes
that reveal the nanoworld, to deep-space telescopes that peer across the universe,
from particle accelerators that probe into matter, to quantum sensors that detect
what was once undetectable, each new instrument keeps pushing the boundaries of
what we can observe and think. Each forces science to rethink, rewrite and evolve.
With each major leap in observation comes a major leap in understanding what is
revealed.

The enabling conditions for science and civilisation: a framework

At this stage, we can pull together the bigger picture and synthesise the insights:
nine main conditions enabled modern science—and six of them also formed the
foundation for civilisation. Here we step back and trace how scientific thinking has
evolved over time: comparing the conditions and methodological abilities that make
it possible—across time, species and human cultures. From early hunter-gatherers to
Newton and Marie Curie, all humans have drawn from the same evolved capacities.
These arewhat allowus to observe, experiment, createmethods, develop technologies
and unlock knowledge about the world. The capacity for methodological reason-
ing can be seen on a spectrum: from smart chimpanzees using sticks to extract
termites, to early humans experimenting with farming techniques, to Egyptian engi-
neers designing pyramids with remarkable geometric precision, and ultimately to
discover new planets with the telescope, and then new protein structures and can-
cer drug candidates with AI-powered tools. Science is a deeply-rooted evolutionary,
historical and cross-cultural enterprise embedded in our expanding ability to think
methodically—embedded in our method advances.

About 11,000 years ago, many of the ingredients for civilisation were in place: the
necessary biological, cognitive and social abilities, as well as favourable ecological and
demographic conditions. These made it possible to domesticate plants and animals,
build permanent settlements and eventually develop complex cities. With civilisation
came the necessary external systems that made it possible to accumulate vast tools
and knowledge and pass them across generations: written language, mathematics and
social stability embodied in institutions. By the time the first civilisations emerged
in Mesopotamia and Egypt, we had already built the basic scaffolding for long-term
scientific development. Yet researchers studying the origins of science focus on a
particular broad factor (like culture or geography) or a few particular scholars (like
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Galileo and Newton)—not the extraordinary new tools these scholars inherited. And
extending our toolbox in innovative ways enables us to continue unlocking new,
unknown frontiers (Table 7.1).

So how can we explain the big shifts in how we have come to understand the
world so deeply? The answer lies in our capacity to extend our universal toolbox.
What ultimately distinguished our species from other animals is expanding our
universal toolbox to better combine our cognitive abilities—from trial and error
to pattern recognition—and increasingly use logical reasoning and develop diverse
tools. What separated ancient Greeks from our earlier ancestors is broadening our
toolbox to include theoretical thinking and formalising abstract reasoning. What set
17th-century discoverers apart from their predecessors is an upgraded toolbox with
perception-enhancing tools that made science vastly more powerful, systematic and
reliable.

The prominent scholars at the time did not invent our mind’s evolved method-
ological abilities or create these needed external conditions for science. But these
scholars—fromGalileo to Hooke—did have access to the new and unexpected powerful
tools that made the key difference by accelerating scientific progress in ways unimagin-
able before. Early pioneering scientists such as Al-Haytham and their methods were
equally on the right path as European scholars at the turn of the 17th century, but
without perception-enhancing tools in their hands, modern science could not take
off—the counterfactual.

In fact, the conditions in Al-Haytham’s time in the 11th century were arguably
as favourable—if not more—than in Copernicus’s time in the mid-1500s and up to
1600. Al-Haytham worked within a larger, more established community of schol-
ars supported by the institutional infrastructure of the Islamic Golden Age, while
the Prussian-Polish Copernicus worked in greater isolation among fewer, more frag-
mented scholars in Europe. The Islamic world at the time arguably had more devel-
oped academic institutions,more extensive libraries, translation centres and scholarly
networks than 16th-century Europe.(326) But neither Al‑Haytham nor Copernicus
had access to the instrumental power of the microscope or telescope. And intro-
ducing these two unanticipated inventions is what ultimately changed the game
entirely.

Our methodological abilities are made possible by our deeply evolved biological,
basic cognitive and social abilities. These are the three enabling conditions that allow
us to do science. But these traits alone are not enough to createmodern science. Let us
describe these conditions: our core methodological capacities including logical rea-
soning (conditions 1–4) evolved—throughout much of our species’ history—mainly
beyond our control. Favourable environmental conditions also emerged out of our
control (5). Yet over time, we have gained increasing (if still limited) influence over
these abilities. And we do have greater control in shaping demographic and social
conditions. Although we may be able—in principle—to do science without complex
division of labour (6), complex systems of written language and mathematics (7) and
long-term social stability (8), science has not ever been and would not be sustain-
able in the long run without them. That is why individuals throughout history—who
had the needed cognitive capacities and at times created sophisticated methods and
knowledge—did not develop powerful precision tools, vast discoveries and bodies
of knowledge that characterise modern science. To go from intelligent individuals to



Table 7.1 The enabling conditions for science and civilisation
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erectus)
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division of labour
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The categories are not exclusive; other features can be included under these nine conditions, and other sciences—from Islamic to Indian—can also be included. The sources
and evidence for each condition are provided in each section of the chapter.
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civilisation, we required the first six conditions—and to launch modern science we
needed all nine conditions.

These building blocks are so foundational for science that most people take them
for granted. And they are not tied to one culture or continent. Just as civilisations
emerged independently across the world, so did parts of scientific reasoning—at dif-
ferent times, in different forms. What we call modern science could have developed
elsewhere—and in some places, it nearly did. Islamic civilisation came impres-
sively close with the remarkable work and methods of pioneering scholars like
Al-Haytham.(312) So what if contemporary science were to be lost in the future—lost
to environmental devastation or war (which led to the decline of past civilisations)?
To rebuild science from scratch in the future, we would not have to wait for a Chris-
tian worldview to emerge,(282) a particular capitalistic system(281) or a renaissance
of Aristotelian thought.(327) What we would need is to recreate these nine general
conditions once again.

When we view our methods as the main trigger enabling us to directly develop
scientific and technological knowledge—and so science and civilisation—we unlock
a powerful new lens for understanding science and the history of science. And the
conditions offer a roadmap—not just to explain the past, but to enable us to predict
the development of science in the future. If another intelligent species evolved in
the future (on Earth or beyond) and met these nine criteria, science—systematic,
cumulative and transformative—would be expected to follow. Understanding these
conditions can help us think about how to strengthen science today andhow to future-
proof it for the challenges to come—for examplewhen specific governments put social
stability and science in danger.

So we can trace a continuity in human reasoning and problem-solving—from
our evolutionary past to today’s leading scientists—revealing how our methodolog-
ical capacities have scaled with our tools. Our early ancestors observed patterns
in nature—tracking animal migrations, adapting to seasonal cycles and navigating
using the stars—to solve survival challenges; today’s scientists also observe patterns
in nature but using powerful instruments like microscopes and mass spectrome-
ters. Where our early ancestors relied on trial and error, controlled fire, invented
basic notation, made early tools and explored hypotheses, today’s scientists build
on that logic by designing controlled experiments, inventing advanced calculus and
testing systematic hypotheses. Similarly, our early ancestors used causal reasoning—
‘if x, then y’—which we have developed into today’s formalised causal modelling
and advanced statistical inference, revealing hidden relationships in everything from
climate systems to brain networks. Our early tools—spears, fire, notation systems—
extended our physical tools and basic cognitive abilities, while our contemporary
tools—microscopes, supercomputers, CRISPR, particle accelerators, AI—vastly amplify
not only our cognitive power but also our sensory reach. Our cognitive architecture—
pattern recognition, abstraction, inductive reasoning—remains fundamentally the
same. What has changed is the range, scale and precision of these capacities through
systematic scientific tools—tools with which we can now explore quantum, genomic,
cosmic realms once unimaginable.

This illustrates the cumulative nature of our method evolution: ever more complex
abilities, methods and tools over time have sparked ever more complex discoveries.
History is a chain of extraordinary method revolutions over time (Figure 7.1).
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Figure 7.1 Tracing the evolution of our methodological abilities and tools
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Can the answer to the question of how we understood the world for most of
history—and how we do today—be as straightforward as pointing to the incredible
new tools we develop that stretch our senses and sharpen our minds? Can invent-
ing the microscope and telescope, and then the barometer, vacuum pump, statistics
and calculus, explain the first major surge of discoveries in the 1600s? Can develop-
ing cutting-edge tools like electron microscopes, statistical methods, supercomputers
and particle accelerators largely explain the accelerated pace of discoveries that fol-
lowed them? The answer is yes—based on examining over 750 major discoveries that
define scientific history (Chapter 1).

Conclusion

The key turning point in the history of science camewith the invention of two remark-
able tools: the microscope and telescope. Through their lenses, we saw extraordinary
phenomena, for the first time, in the 1600s—from Saturn’s rings and craters on the
Moon to red blood cells and sperm cells—and science changed forever. It was like
discovering new planets inside our own bodies. Once we saw these hidden, unimag-
inable and completely surprising dimensions of reality, we could not go back—and
the tools were what guided us forward. These new unexpected instruments revealed
unexpected newworlds that we did not even know could exist andwithout them, they
would not have been possible. They sparked dozens of major discoveries—more than
a single scholar or research team has ever achieved. These two optical breakthroughs
mark when we vastly surpassed the human mind as the central driver of percep-
tion and exploration—ultimately triggering modern observational and experimental
science. These two discovery machines catalysed into the development of a toolbox
of six groundbreaking tools and methods that accelerated and consolidated science,
enabling future researchers to confirm the discoveries using them. This represented
the birth of the first systematic scientific toolbox—enabling a cascade of discoveries
that defined 17th-century science.

What explains the explosion of sustained scientific discovery is not just culture,
institutions, a scientific community, genius or European geography, but especially
the invention of these two new tools that drastically expanded our capacity to perceive
and measure phenomena we never could before—and demanded new explanations.
Technological acceleration—in a cycle of new tools that enable new discoveries
and motivate improved tools—then became self-sustaining once these instruments
arrived and remains the driving force of scientific progress today. The greatest dis-
covery we have ever made may well be the discovery of the power of our tools
themselves—the realisation that they are the greatest force of progress. So the legacy
of Galileo, Hooke, Boyle, Newton and their contemporaries was not any individ-
ual discovery. It was ultimately the newly developed tools they used that moved us
from isolated insights to scalable discoveries. It was expanding the very way we spark
discoveries. Because our tools shape what we can perceive and know, the history of
science is also a history of our sensory evolution. Science is no longer bound by our
biology and cognition, but has finally learned how to outgrow them with new tools.
With each generation of instruments, we grow new eyes and new intuitions—in a
cycle enabling us to detect new phenomena that were not imaginable before.
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But to understand how we got to that crucial point in history, we went further back
and traced the deep historical origins of scientific thinking itself. This led us to a chal-
lenging and cross-disciplinary question: what are the origins of science, technology
and civilisation? We tackled the question by outlining the conditions that enabled
these achievements. We found how observing, problem solving, experimenting and
developing tools are deeply embedded in how we have always—and will always—get
by and uncover insights about nature. And we explained how our universal toolbox
(these evolved abilities of the mind) together with our adaptive toolbox (the external
tools we have invented) is the driving force that has enabled us to actively create vast
bodies of scientific and technological knowledge—and eventually give rise to science
and civilisation.

So it is time we rethink what science actually is—because it is not just a body
of knowledge. We need to redescribe science as an evolving process powered by
methods. Throughout history, we have actively driven the major advances—the
palaeolithic technological revolution, agricultural revolution and later scientific,
industrial and digital revolutions—by leveraging our methodological abilities in
more sophisticated ways and creating better methods and tools: through method
revolutions. Our new methods and tools better explain how we have developed sci-
ence as the key driving force we can actively influence, and they are more observable
and traceable in the works left behind throughout history—ancient artifacts, the
landmark books of 17th-century scholars and the breakthrough papers today.

We can also take important practical steps to advance science by better under-
standing our evolved constraints and building the very tools to overcome them.
Understanding science’s past progress is crucial to improving what drives and hin-
ders its progress today. Our expanding toolbox is the engine of science, historically
and presently. It has been and will continue to be—through collective mind-method
synergies—our primary catalyst to tackle our big scientific, environmental and social
challenges. Establishing ways to improve science helps us shape the science of the
future; and the answer commonly lies in the power of our toolbox: not in doingmore
of the same in science, but in upgrading how we think, observe and discover. The
answer commonly lies in more effectively tapping our toolbox in innovative ways.

This sparks important questions: could science have advancedmuch faster over the
past centuries if we had focused much more on innovating better thinking tools—
rather than just studying nature with the ones we had? Why are we today not yet
systematically designing better tools and methods to mimic and extend all human
sensory and reasoning abilities—the full spectrum from advanced tools to expand our
imagination and causal reasoning, to amplify simulations and pattern recognition?
Howmany discoveries have been delayed ormissed because we use familiarmethods,
instead of inventing new ones? Howmuch of scientific progress has been slowed over
decades and centuries by science’s fixation on end results, rather than stepping back
to ask if we even have the right tools and are asking the right questions? How can
we best develop and test new tools of perception and thought—new tools that often
yield more uncertain but more surprising breakthroughs? We explore in depth how
we can expand our scientific toolbox in Chapter 11. But first, in the next chapter, we
dig deeper into our evolved method-making foundation of science.
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Homomethodologicus

How our unique evolved method-making species became
problem solvers and knowledge creators

Summary

Throughout history, we have continually refined our abilities, to invent naviga-
tion techniques using stars, apply medicinal plants to heal wounds, devise lunar
calendars to track and predict seasons—and eventually develop farming tech-
niques and earlymathematical systems. Eachmethod gave us a survival advantage.
Eventually we developed the microscope and telescope that enabled vastly sur-
passing the limits of our evolved mind—triggering the discovery of entirely new
stars, moons and medicines. The evolution of this capacity for method-making
and tool-making marks one of the most fundamental changes in human history—
and it enables science today. But what made this possible? How did we shift from
our unaided mind and instinct to developing increasingly cumulative methods
and tools? While evolution gradually honed and refined our inherent method-
ological abilities to observe, think and imagine throughout human history, we
eventually began honing, refining and amplifying them into methods and tools.
The bigger the innovation in method, the bigger the leap in progress. So can we
best explain our species’ success by our unique ability for cumulative method-
making? Our success is indeed a remarkable story of realising the power of
leveraging this capacity to conceive better tools that enable us to think, plan,
test and predict better. We explain our uniqueness as cumulative method-makers
and how evolution favoured those better at using this exceptional capacity—
giving rise to a new kind of species called here homo methodologicus. Viewing
humans as complex method-makers who extend our own minds better explains
how we have been directly able to meet our needs, solve problems, make vast
knowledge and eventually extraordinary discoveries. Here we dig deeper into
our scientific origins that are traced from our evolutionary roots to contempo-
rary scientists who aim to tackle our mind’s evolved bottlenecks—including with
AI tools.

The Engine of Scientific Discovery. Alexander Krauss, Oxford University Press. © Oxford University Press (2026).
DOI: 10.1093/oso/9780197829790.003.0009
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Overview

What makes humans extraordinary is cumulative method-making that extends our
minds. Our remarkable capacity to make methods and tools is the product of long
and complex evolutionary feedbacks between nature and our biology, mind and
the culture we built. In turn, these very methods and tools became our best way
to understand those forces that shaped us—nature, our biology, mind, culture and
even evolution itself. This evolutionary path we humans have taken has enabled our
mind to gain increasingly complex knowledge—through early and simplemethodswe
created that we gradually developed into ever more complex methods, until we were
doing things no other species had done. Only our species has taken this evolutionary
path to creating sophisticated tools. Indeed, many other smart animals have abili-
ties for a sense of quantity, testing hypotheses, causal reasoning, communication and
using rudimentary tools—from crows, to chimpanzees, to dolphins.(278,290,299) But
only our species has evolved to develop statistics, simulate complex ecosystems and
devise controlled experiments by applying these extraordinary abilities in more com-
plexways. That is the leap:we no longer just adapted to nature—we learned to analyse,
redesign and shape it with methods. Our method innovations let us see, measure and
think in ways evolution never prepared us for.

The remarkable turning point came when we began moving beyond intuition,
instinct and trial and error. We began building more deliberate methods and exter-
nal tools to solve our challenges—to better navigate, more efficiently hunt, better
treat injuries, build stronger shelters. The more precisely our early ancestors could
observe, test and predict, the better their chances of surviving and thriving—and
passing down those new successful methods over time. Our evolved, expanding
toolbox deeply links the first hunter-gatherers tracking animal footprints and infer-
ring animal migrations to today’s scientists running computer simulations of global
migration and climate patterns. This extraordinary method-making capacity did not
just become useful—but foundational to our species. Without it, we would not have
invented early fire-hardened spears, then the first farming techniques, and eventu-
ally more systematic randomised experiments (Chapter 7). Before this evolutionary
leap in thinking, science and discovery were out of our reach. So what gave us a
survival edge in nature in our early history is at the same time what pushes the
boundaries of modern science and enables us to understand and predict nature today.
(Impatient readers less curious about the evolutionary origins of science can jump to
Chapter 9.)

Other animals have their own evolutionary strategies—and many are much
faster, stronger and have a sharper range of senses than we do. Some birds detect
and use earth’s magnetic fields to navigate; bees can perceive ultraviolet light to
detect nectar; some snakes can perceive heat signatures (infrared) in complete
darkness.(82,278,290) We did not evolve any of these and many other extraordinary
abilities—nor for very cold tundras or very hot deserts. But only we can survive
in all of them—not by adapting our genes (besides a few traits like skin colour),
but by adapting our methods and tools.(328) This is what sets our species apart. We
gradually learned to become cumulative method-makers and toolmakers by more
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systematically observing, experimenting and reasoning causally over time. This gave
us the key edge over nature, biology and other species.

Our ability to develop a set of methods for solving problems and amplify-
ing our mind distinguishes us, more than other factors, from other species: our
species is uniquely a complex method-making species, indeed a hyper-method-
making species—homo methodologicus. This deep capacity to design and create
better methods and tools that extend our mind, to test them and to refine them
over time is not just what drives science—it is what has always made us human.
It is being cumulative method-makers and tool-makers that makes us the species
we are—giving us the power to vastly outsee and outthink nature, like no other
animal can.

In evolutionary terms, this matters. While Homo habilis was an early human
species whose name means ‘able or handy man’, many other animals are also able to
use a stone tool. We have evolved far beyond that. While Homo sapiens means ‘wise
man’, this general description also falls short because it does not capture what we are:
systematic method-builders who reshape how we think and can control nature and
our biology through methods and tools themselves.(103) We go beyond those classifi-
cations here. Instead, we are a cumulative method-making and tool-making species:
homomethodologicus—using ourmind’s evolvedmethodological abilities of observ-
ing, solving problems, experimenting and developing and refining complexmethods.
To amplify our mind, early humans used these same abilities to create plant-based
medicines and early agricultural techniques—and today’s scientists apply and extend
them to develop more complex vaccination methods and advanced agricultural tri-
als. We invent new methods as we face new challenges—and to reduce our mind’s
constraints.

What had driven our survival advantages over predators and environments is at the
same time what has driven our great discoveries in modern science: the capacity to
tackle our human limits using continually better methods and tools that expand our
mind. Understanding these evolutionary origins of our toolbox—from our early basic
tools to cutting-edge tools—and how it continues to shape our mind and methods
today, we are in a better position to overcome our evolved limits. And today’s extraor-
dinary instruments enable detecting phenomena invisible to our senses throughout
nearly our entire evolutionary history: from tracing sub-atomic particles to gravita-
tional waves and exoplanets. But by designing new instruments, we have detected
them since the 20th century (Chapter 1).

We are all—whatever our genetic make-up—born with a universal toolbox. It
enables us to perceive, apply trial and error and recognise patterns and is activated
early in life as we begin interacting with the world around us. But as we grow, we
also all inherit something even more powerful: an adaptive toolbox. This is a con-
stantly evolving set of complex, invented methods that allow us to collectively make
deeper knowledge and groundbreaking discoveries—many that improve our survival
and others that now expand our understanding without an immediate benefit. So our
methods have an evolutionary and an adaptive component. Together, we can think
of them as our core and extended toolbox—and is the foundation of science itself
(Figure 8.1).
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Science
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reasoning (complex cognitive abilities)

Vision, other senses
(biological abilities)

Nature and cultural context (we evolved in) 

Observing, problem solving, experimenting 
(basic cognitive abilities) 

Language, learning, teaching
(social abilities) 

science is the 
accumulation of our 
methods and bodies 

of knowledge  

the context in which 
our universal

toolbox evolved 

we develop methods using 
our universal  toolbox
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Figure 8.1 Methods drive science pyramid: how we use our toolbox to develop knowledge and
science

Where does the mind end and the methods we create begin?

With our remarkable method-making mind, a natural question arises: where does
our cognition stop and the methods and tools we invent start? We use our mind’s
internal abilities (observation, pattern recognition etc.) to develop external methods
that stretch far beyond what our biology can do alone. We build these methods by
interacting with nature, the tools we have already built, and other people (Figure 8.1).
Methods, once invented, do not just exist in our heads: they become part of the out-
side world—external material artefacts—and can be shared and leveraged by others.
Think of Babylonian mathematical tablets or today’s computational and statistical
programmes. Our sophisticated methods now drive every stage of the scientific
process. They help researchers generate hypotheses using algorithms, collect and
clean data using database systems, analyse and simulate experiments with statistical
programmes and even discover potential cancer treatments with machine learn-
ing. Methods massively stretch what our mind can do. Statistical modelling lets
us run experiments on climate futures. AI tools can rapidly spot patterns across
millions of genetic sequences. They are like mind extensions—amplifying our brain-
power with incredible speed, precision, memory and scale in ways that were entirely
unimaginable just a few decades earlier.

Yet the line can be blurred between internal cognition and external tools. Our cog-
nition at times incorporates the extended tools it leverages, and ourmethods integrate
the internal processes they rely on. Todevelopnewmethods, we dependonourmind’s
methodological abilities and—in contemporary science—also existing methods and
tools. Without us, methods do not have meaning, context or questions to solve.
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So the important question is not just ‘at what point does our cognition end and
methods start?’ but rather: ‘how can we better understand our mind-method syn-
ergies and limits and how can we continue refining our best methods to tackle them
and better understand reality?’ We return to this essential question later.

It is clear that we are not biologically endowed with complex methods—in our
brains. No single mind could alone come up with statistics. So how did we even
develop such a powerfulmethod in the first place?Did an individual not have to begin
the process? Like most of our methods, statistics was not invented in one leap.(329)
In early civilisations, we first created systems of mathematics. By the 1600s, Euro-
pean states were collecting basic population data. Andmathematicians like Pascal and
Fermat were laying the groundwork for probability theory. In the 1800s, Gauss and
Laplace formalised statistical reasoning, and in the early 1900s, the pioneering statisti-
cian Ronald Fisher introduced game-changing techniques like randomised trials and
analysis of variance. In the 2000s, scientists took these methods further by combining
statistical analysis with digital computing power and machine learning—tools and
methods that keep evolving today (Box 5.1).(137,329) What developed over many gen-
erations is a highly compositemethod called statistics—amulti-layered invention that
drastically extends scientific cognition and much of what we can understand in the
world. Our methods are typically the result of continually reworking and refining
existing methods—and statistics, like the microscope, is no exception.

Since our mind and senses evolved adapting to our environmental and cultural
niche, we face constraints in how we understand the world especially beyond our
niche. Science pushes vastly beyond our evolutionary environment and that is where
our raw abilities hit a wall—when studying phenomena from viruses to distant galax-
ies. That is why it is so crucial to focus more on our tools. When we design a better
method or tool, we are actually asking how we can tackle a problem by reducing a
human constraintwe face in understanding theworld.We are asking howwe can answer
a question by improving our current cognitive or methodological capacities—how we
can hack, or work around, the limits of our mind and existing methods. Think of how
we stretch our memory, perception or reasoning with algebra, microscopes, comput-
ers or regression analysis. Think of what it actually takes to study thousands or even
millions of observations using regression analysis—for example the effects of a chang-
ing climate or new drugs for medical patients. Such analysis was not possible or even
thinkable until we developed contemporary statistical methods and computers in the
mid-20th century. Merging these two general-purpose methods—statistics with com-
putational tools—transformed nearly every major scientific field: from experimental
physics to medicine, psychology and economics. It marked the birth of large-scale,
high-speed statistical analysis that characterises science today.

Expanding our toolbox: a strategy for survival, solving problems
and gaining knowledge—and advancing science

Our species has become ever more methodologically adaptive. Unlike any other
species, we have diversified and upgraded our methods as a strategy to meet our
needs, tackle challenges and make sense of the world. This flexible ability—shifting
between different methods in our toolbox—has enabled us to better control and
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discover layers of nature previously out of reach. After all, our biology, mind and
senses we are born with have not changed much in the past few thousand years. The
reason we understand the world much better today is not better brains we are born
with—it is better tools andmethods we inherit and create. Our knowledge has surged
at the pace we have developed and shared more powerful methods and tools to build
that very knowledge (Chapter 7).

Our early ancestors could not explain well the mysteries of shooting stars and
eclipses. Today, we can—because of inventions like spectrometers and telescopes.
We have gone from guessing why lightning strikes to measuring its electric charge
using high-speed sensors.We no longer blame disease on the supernatural, but under-
stand how bacteria and viruses cause disease by using microscopes and controlled
experiments. But our current tools only enable us to partially understand many other
phenomena—fromcancer and our complex brain to the origin of life and themechan-
ics of the global economy. And there is so much we only poorly understand: from the
size and nature of the universe to how organisms like us evolved to become self-aware
and practice morality. Why do we not fully understand many phenomena? Often
because we have not yet invented the tools we need to shed light on them.

Remarkably, we are both born andmade intomethod-makers. The evolvedmethod-
makers in each of us has been an inevitable part of our species’ cognition. Every child
is born able to observe, test and count. The trained method-makers in each of us has
become an inevitable part of our cognition in more recent history. Every child is
also trained in a set of inherited, increasingly complex methods. Over the past few
centuries—especially since the rise of public education in the 1800s—we have passed
down increasingly sophisticated methods, from geometry and algebra to logic and
basic scientific reasoning.

Each of us has gone through a massive process of method socialisation—for
example to be able to read books on science like this one. This process enables us to
turn a basic ability to quantify into an ability to calculate complex probabilities using
statistical methods. In science and society we heavily depend on statistics and exper-
iments, but we do not intuitively know how to do statistical analysis or controlled
experiments (Chapter 7).

Our toolbox is adaptive, and grows with us, in three powerful ways. We adapt our
methods over time to meet new challenges. Our methods enable us to better adapt to
nature itself. And perhaps most fascinating, our methods adapt how our mind works.
When we learn statistics, many begin thinking in probabilities—what are the odds
of catching a virus, being affected by extreme weather or even living past 100. Our
methods become thinking tools, helping us reason and imagine in new ways—in and
out of science. Themore we expand our toolbox, the more we stretch and reshape the
boundaries of how our mind can think and imagine—and even think about thinking
and imagination (Chapter 6).

Our species’ most unique capacity: cumulative method-making

Current explanations of what makes our species unique and successful focus on
factors like our ability for shared intentionality or cooperation(278) or developing
agriculture.(279,280) Here we provide a new, overlooked explanation: what makes us
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human is our extraordinary capacity to invent better methods and tools that expand
our mind, to test them and to improve them. Our uniqueness comes down to this:
we are cumulative method-makers who amplify our own cognition. Humans are not
just tool users—we are master method-makers. Our species has mastered this unique
survival strategy: building, upgrading and switching between powerful methods to
tackle new challenges. This remarkable capacity is not just the driver of our survival
but also of scientific progress. At the heart of this capacity is our universal and adaptive
toolbox: a set of evolved methodological abilities to observe, experiment and solve
problems that we have collectively developed into increasingly powerful methods
over time—from rigorous experimentation to statistics. Our method-making capac-
ity is why our species has been so successful in generating knowledge and controlling
our environment.

While we are not the only tool-using species that communicates and
cooperates,(276–278) we are the only complex method-making species using diverse
tools across domains. Only our species can leverage the shared ability for trial and
error to develop controlled experiments, or go from the shared sense of quantity to
create geometry and statistics, and so on. Ultimately, cumulative method-making
has been the key missing link enabling us to understand the world in ways no other
species ever could. It characterises our unique mind and endows us with a different
relationship to the world than any other animal. With tools, we come up with better
ways to represent, test and even simulate the world.

Our toolbox gradually set our species on a new method-driven evolutionary path
that no other animal had yet taken. It made us increasingly unique. A new kind of
species emerged: homomethodologicus, the cumulative method-making human.We
diverged from other primates as our capacity to invent methods expanded, together
with more complex language, imagination and cooperation. In fact, method-making
enabled us to turn language and imagination into something more permanent and
shareable—by creating external tools like mathematical symbols, written notation
andwriting systems.Howour powerfulmethodologicalmind developed needs to fea-
ture at the centre of how we explain our evolutionary history. Our ability to develop
an adaptive toolbox represents arguably the most unique feature in understanding the
gap between the evolution of the mind of humans and smart non-human animals—
an ability that is not just likely or we can imagine, but was necessary to be able to
extend our mind beyond theirs. Without it, we could not have ever created science,
technology and complex societies. Our cumulative method-making capacity is what
distinguishes and defines us as the extraordinary species we have become—extending
our mind beyond our DNA (Table 7.1).

Our universal toolbox: an early, unified method for gaining
knowledge over human history

For over a millennium, scholars have been searching—from Aristotle to Popper—
for a unified method for how we gain knowledge.(204,312,316,330–332) The nearest we
can get to a single, universal method over history—for what our species has always
relied on to uncover knowledge about the world—is our universal methodological
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abilities to observe, solve problems, experiment and developmethods. Our evolution
can provide a natural foundation for this understanding. Our ability to observe is fun-
damental to nearly all knowledge we acquire (Chapter 6). Ourmind’s methodological
capacities are inherited regularities that link our human nature to knowledge. We
have had no choice but to use these evolved abilities. This universal toolbox view
here is as close as we may get to a natural definition—a universal method—of what
generating knowledge has been over our species’ history. In contrast, we explored
contemporary science in earlier chapters; we reframed the classic scientificmethod—
from our mind’s internal processes of observing, hypothesising and experimenting
that we have used throughout human history—to the sophisticated external scien-
tific methods and tools we more recently began developing that spark science’s major
discoveries (Chapter 3).

While scholars have asked for millennia how we generate knowledge and discover
things,(312,323,333) the deeper question is how we even became able to develop knowl-
edge and discoveries at all? No answer was possible as long as we did not understand
the evolution of our species and mind. And many did not until the mid-19th century
and Darwin’s On the Origin of Species (Table 7.1).(57)

Science has evolved fromour evolvedmind.We are not just a unique species, we are
methodologically unique. Our large flexible system of methods embodies our intel-
lectual evolution: from observing, solving problems, experimenting and abstracting
throughout history to observing methodically, solving problems statistically, con-
trolled experimenting and modelling abstractly in science. Viewing humans as homo
methodologicus—using a universal and adaptive toolbox that extends our mind—
better explains how we have been directly able to meet our needs, solve problems and
develop technological and scientific knowledge—and give rise to complex society and
science. Our powerful toolbox explains our success better than commonly focusing on
geography, culture or religion as the driving force behind these great human achieve-
ments.(276–279,282) It is how we even became able to surpass our animal nature and
limits. In the final section, we now explore how our extraordinary toolbox has not just
shaped our understanding but has shaped our species’ remarkable cognitive evolution
itself.

On the origin of science: how our mind’s method-making capacity
drove human evolution

What has driven our remarkable evolution to enable us to develop sophisticated
methods and technological and scientific knowledge in the first place? How did we
get from our early ancestors running in the savannahs and forests using trial and
error, to today’s scientists running complex experiments using statistics? Scientists
have long debated the origins of human intelligence. They propose three main expla-
nations. One view is the general intelligence hypothesis. Over time, the human brain
evolved to be bigger and better at processing information than our primate relatives.
Our brains are about three times larger than theirs, giving us more memory, faster
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thinking and stronger reasoning skills.(299,334) A second view is the ecological intelli-
gence hypothesis. Our mind mainly evolved adapting to environmental challenges—
just as certain birds have evolved extraordinary eyesight for high altitudes and use
magnetic fields to perceive their altitude.(335,336) Darwin and Wallace supported this
view: that selection favoured individuals best able to adapt to nature.(337,338) A third
view is the cultural intelligence hypothesis. Our intelligence evolved through navigat-
ing the complex social world—through challenges we faced in complex social groups.
These pushed our minds towards greater cooperation, cultural traditions and more
complex language.(276,278,299,339)

Each of these competing hypotheses helps explain part of the puzzle—the broader
context. But they do not explain or talk about how and why we directly became able
to create methods and tools that go far beyond what nature endowed us with—and
to eventually develop science. What is missing is an integrated approach that com-
bines these views and places our evolved mind’s methodological capacities at the
centre.(276,278,290,299,335–339) These abilities truly set our species apart. So howdid they
evolve to enable our ever more complex knowledge? Here we lay out a new view—
the toolbox hypothesis—that highlights how our capacity to observe, solve problems,
experiment and develop methods evolved in increasingly complex ways. It explains
how this complex method-making capacity of our cognition evolved adapting to our
natural and cultural environment over time.

This toolbox hypothesis explains how evolution favoured those members and
groups of our species who could more effectively apply our mind’s method-making
capacity. Throughout history, those better able to develop more effective methods
for tracing animals, healing injuries, navigating using the stars, building stronger
shelters and eventually growing food were more likely to survive and pass on their
method-making capacities—and their genes. Over time, these early methods evolved
into more complex ones. Those better at using this expanding toolbox had an edge:
developing better plant-based medicines, lunar calendars to predict ocean tides and
better technologies. Eventually, the best method-makers invented agricultural tech-
niques and numerical systems tomore effectively plan and produce food (Chapter 7).
Each successful method added a survival advantage. Over generations, those advan-
tages multiplied—through continual feedbacks. As our species migrated across the
globe, we were forced to readapt and redesign our methods and tools over and
over—facing unfamiliar climates, landscapes and threats. The result is our adaptive,
method-making mind.

Yet for psychologists like Steven Pinker, one of the great mysteries of our mind and
human evolution has been precisely the question: howhavewe—given our evolution-
ary history—evolved to do science?(340) How have we created calculus and surrealist
art that are not directly tied to our survival? After all, evolution favours traits that
help us survive and reproduce. Yet our early ancestors evolved abilities—from pat-
tern recognition to numeracy—that helped us reason logically needed to plan hunting
routes and food cycles. Similarly, we also evolved abilities for abstraction needed
to carve stone tools and design shelters (Chapter 7). Today, to develop logic, calcu-
lus, abstract art or scientific discoveries, we rely on these same evolved abilities. But
for purposes that often no longer immediately influence our survival. So the toolbox
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hypothesis offers an answer to thismystery: our ability to develop science and complex
society grew gradually from this evolving, flexible toolbox that once directly helped
us survive.

For most of our evolutionary history, the environment and biology shaped
our minds—predators, droughts, diseases, as they shape all species.(276,278,287) But
over time, we learned to develop an extraordinary set of tools to manipulate the
environment and our biology. This is how the edge shifted in our favour: we began
shaping our environment just asmuch as it shaped us.Over time, ourmethod-making
capacity and sharing innovative tools across generations became more important
than the environment, animals, plants or disease in shaping our mind’s evolution.
Why? Because the more effective the toolbox in our hands, the better we could sur-
vive and adapt to these changing external factors—through techniques to control fire
and develop farming, clothing and shelters for nearly any environment. These were
buffers we built against nature. What shaped the evolution of our mind shifted from
external environmental challenges over much of our past to internal feedbacks: cog-
nition, method-making and culture. Ever more sophisticated method-making and
tool-making emerged, symbiotically with greater cooperation, language and imagina-
tion. Our tools turned into new selective pressures for our brain’s evolution. Evolution
selected better toolmakers—through evolutionary feedback loops. In a sense, our
tools began shaping and evolving us. Ultimately, we develop and use increasingly
complex tools because they improve our ability to survive and adapt.

This kind of method-driven selection did not just apply to individuals, but also to
groups. Tribes and communities that learned themselves or from others how to more
efficiently exploit their environment were more likely to outgrow and outlive hunter-
gatherers. Think of the extraordinary advantage for those whomastered experimental
methods for agriculture and storing food or observationalmethods for predicting sea-
sons. Some could then increasingly invent the remarkable techniques to domesticate
animals, breed plants, irrigate fields and fertilise soil.(276) By changinghowwe thought
and interacted, our expanding toolbox sparked survival rates and population growth
to rise at a pace not yet experienced in history. Early cities and societies emerged and
grew at the pace we expanded our toolbox—and knowledge accumulated faster than
ever before.(279) Thesewere tipping points in human history. And at their heart, better
method-making was driving them.

By developing agriculture and then early civilisations came a method revolution.
With more stable food supplies, more people could dedicate their time to testing and
crafting better tools. This kicked off a method-making surge. Throughout history,
human populations that rapidly increased their ability to survive and innovate gen-
erally did so by extending their methodological toolbox. These method innovations,
by stretching our mind, have driven our species’ advances and success. And we can
observe the methods at play in each advance. (Even the satisfying thrill and eureka-
like feeling when creating a new tool that works or making a new discovery may be
evolution’s way of rewarding us for solving complex problems, signalling they are
important to us.) While social and emotional intelligence helps us bond and form
communities, those with greater methodological intelligence—who excel at testing
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and refining tools—were more likely to optimise strategies for gathering food, engi-
neer better shelters and unlock new knowledge, giving them an inevitable survival
advantage.

Method-making is not just an outcome of our intelligence—it is central to what
made our intelligence possible and helps define it. Ourminds created better methods,
and those methods in turn refined our minds—from one generation to the next. Our
method-making capacity is both an inseparable product and driving force of our evolu-
tion. It is an essential part of explaining what made our unique, evolved species and
mind possible. It shaped who we became. How our mind evolved is, more than any
other species, an outcome of our own making—the result of being method-makers,
designing new and better ways to solve problems.We depend, with each newmethod,
on being taught how to use them: from arithmetic, to techniques for herbal remedies,
to types of experiments.

Ultimately, this toolbox view explains why we are the only species to build science.
It explains how we became able to develop complex tools and knowledge—and even-
tually learn to create experimental controls, solve differential equations, develop AI
and make discoveries that no other species can. If our methods and tools shaped our
brains in the past, then developingmore powerful tools today—better statistical, com-
putational or experimental methods—is not just scientific progress, it might also have
evolutionary spinoffs.

Box 8.1 Our toolbox functions like an immune system—universal
and adaptive

Think of our scientific toolbox like an immune system: both have universal parts
we are born with and adaptive parts we later develop. We constantly scan our
environment for problems to solve, much like our immune system constantly
scans for threats to tackle. We are born into the world with a universal immune
system—broad but unspecialised. We are initially more often sick because our
basic defences have to learn. But over time, we adapt, develop antibodies and build
up immunities and a stronger defence system to better tackle bacteria and viruses
and better survive: our adaptive immune system.Our toolboxworks the sameway.
We are also born into the world with a universal toolbox—also broad but unspe-
cialised. Our mind and senses are constrained to our niche of the world we can
observe, and we hit the limits of our bare mind. But over time, we adapt, create
and master more complex methods and tools that enable us to tackle more com-
plex challenges andbetter survive andunderstand theworld: our adaptive toolbox.
Our mind develops new methods, just as our body develops new antibodies—by
learning from experience. Our immune system learns by facing immunological
challenges (new viruses and bacteria). Our toolbox learns by facing real-world
challenges (new problems in nature and society).

Our toolbox naturally divides into sub-toolkits—just like our immune system
into subsystems. We use our evolved universal toolbox to observe, experiment
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and reason, and our adaptive toolbox to produce mathematics, microscopes and
controlled experiments. Our immune cells recombine genes to create seemingly
endless antibody variations to tackle immunological problems we face. We invent
and recombinemethods and tools to create seemingly endlessmethod innovations
to tackle scientific and technological problems we face (Table 6.2). Our toolbox
is our best means to confront the challenges we encounter through our diverse
methods (experimental, mathematical etc.)—just as with our immune system
(cells, antibodies and proteins).

Our toolbox is our cognitive defence and survival system. It protects us against
disease by enabling us to design clinical trials to test how effective our vaccines are.
It helps us prevent food shortages and deal with natural disasters by allowing us
to devise methods to better plan and reduce risks. (Our powerful immune system
is very effective but can at times attack the body, causing autoimmune disease or
failing to stop cancerous cells. Our powerful toolbox is also very effective but can
at times have unintended effects, attacking science and society through environ-
mental degradation and nuclear weapons.) Ultimately, our adaptive toolbox lets
us confront vast challenges and understand the world in ways no other species
can. Without it, science and technology would not be possible.

Mimicking, upgrading and outsourcing our evolved mind with better
tools—including AI systems

At the heart of AI lies the bold ambition: to replicate and even enhance our core
methodological capacities (observing, experimenting, solving problems) that evolu-
tion has endowed us with—our human intelligence. From complex causal reasoning
and imagination to designing experiments and running statistical analyses, scientists
are attempting to translate many of the cognitive capacities we have developed and
honed over millions of years into computer code. It is about trying to build systems
that can carry out the wide range of reasoning abilities we have evolved—systems
that can think, learn, infer and solve evermore complex problems. Flexibly emulating
these faculties demands an extremely deep understanding of our mind’s architecture
itself: how it evolved, how we learn from experience, how we solve problems we have
never faced before and what it takes to try and recreate these capacities. It is about
trying to reverse-engineer ourselves.(90,341)

This brings us to a central puzzle in understanding this shift—from the evolution-
ary roots of our cognitive abilities to designing complex artificial systems: how do
we best try and reconstruct these remarkably evolved capacities? How do we best
link and power our scientific tools—from statistical methods to microscopes—with
current AI systems? How can we understand the logic behind such systems? Should
we model our methodological abilities and tools as large language models or deep
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neural networks? Or probabilistic reasoning systems or dynamic network systems?
Or as something not yet conceived—systems that combine all these approaches into
a single adaptive architecture? Each model offers a different lens into how to cap-
ture the complexities of human thought. But none fully captures its richness. So how
do we best rebuild something that evolved over millions of years and was never
designed to be understood in parts? And how do we best understand the design of
tools that extend—and even reinvent—our evolvedmind including our extraordinary
method-making capacity? It involves testing whether replicating specific capacities is
best achieved by isolating cognitive functions or by integrating them into a unified
architecture. These questions are not just methodological and technical, they are also
deeply philosophical and ethical.(90,341)

Ultimately, this reflects a challenge at the core of science: how to understand the
complexities of our mind and tools and tackle their bottlenecks with ever more
sophisticated tools. We as method-makers may enter a new phase with tools like deep
machine learning,wherewe could buildmethods that further build themselves:meta-
tools. The evolution of method-making did not stop with stone tools, compasses or
telescopes—it continues to accelerate in the digital age vastly faster than we evolved.

Conclusion

To solve the puzzle of the origins of science, we need to step back and ask deeper
questions: what gave our species the power to adapt to nearly every environment
on the planet, intervene in nature and domesticate plants and animals? What has
driven our ability to generate scientific and technological knowledge—and eventu-
ally develop modern science? How can we overcome the evolved limits of our own
mind and senses? What trait best describes humans as the unique species we are?
And how have we been able to increasingly influence our mind’s remarkable evo-
lution over time? The answer that ties these diverse questions together: our mind’s
evolved methodological abilities to observe, experiment and solve problems—our
universal toolbox—that we have developed into increasingly powerful methods and
tools—our adaptive toolbox. With this toolbox, we can better explain—as the unique,
cumulative method-making species we are—the origins and foundations of science
and technology.

While evolution gradually sharpened these inherent abilities throughout human
history, we eventually began sharpening and expanding them into evermore complex
methods and physical tools. We began shaping the tools that vastly expanded our
own evolved mind. We are not just a species that thinks in complex ways, we are the
species that builds methods and tools to think better: homomethodologicus. Method-
making has become its own evolutionary force—one that we can now steer.What first
began as a survival advantage that only our species learned to master—as cumulative
method-makers and toolmakers—became both what made us human and the very
engine of discovery itself.



240 THE ENGINE OF SCIENTIFIC DISCOVERY

Fast forward to the remarkable invention of the microscope and telescope at the
turn of the 1600s. For the first time, our tools drastically surpassed our evolved human
abilities for perceiving and imagining like never before. This marked the crucial
turning point in science: when the driving force of discovery shifted fromour unaided
mind to our ever more complex tools and methods themselves that enabled peering
into the stars and deep into the cell. The power of these tools—as extraordinary exten-
sions and upgrades to our mind—simply became undeniable and redefined what
science today is: more tool-driven than mind-driven.

That shift has only accelerated. No one imagined or predicted how merging statis-
tics with computing power would transform science. But today, most of science is
no longer imaginable without this powerful hybrid method combination (Table 6.2).
These once-unimaginable tools are now behind almost everything from vaccine trials
to climate models to the search for dark matter. Yet precisely because these extraor-
dinary tools have become so common in science, we take them for granted. Every
day we use them across science, but rarely take the time to ask the crucial question:
what better tools could take us further that we have not yet built? Because we are
comfortable with today’s tools, we direct far less attention than we should to pushing
thesemethods even further—to inventing the next generation of tools that can unlock
tomorrow’s breakthroughs. Getting too comfortable with our current toolbox means
we stop pushing its boundaries. But each time we hit a wall using our tools in science—
each time the predictions fall short, the electron microscope cannot go further—it is not
failure. It is a critical sign: it means we are getting closer to the frontier, if we learn to
upgrade those very methods and tools to break the limits of science.

Ultimately, our species’ biggest discovery is not a single tool or theory—it is realis-
ing that using our methodological abilities we can develop better methods and tools
that enable us to better discover, understand and control the world.With our toolbox,
we developed farming techniques and early medicines thousands of years ago. Then
we eventually invented statistical surveys and controlled experiments to understand
themass population growth brought about by such agriculture and the effectiveness of
ourmedical treatments for diseases.We invented technologies to extractmany natural
resources, and then eventually also built tools that produce satellite and temperature
data to understand the causes of climate change that such natural resource depletion
contributes to. The discovery of our toolbox and our ability to expand it has opened
up the possibility for us to understand and tackle our big challenges—from feeding
billions to fighting health pandemics tomanaging the planet’s resources. But like Pan-
dora’s Box, we have also given rise to new and larger challenges. Better curing diseases
leads to longer lives and bigger populations. Better controlling natural resources can
speed up climate change. Again, we turn to science and its tools to tackle these very
challenges.
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The newmethods-driven discovery theory

Five lenses on how tools power science

Summary

We cannot design an experiment to measure what our tools cannot detect. In sci-
ence, the tools we use largely determine how and what we can study—and the
very questions we can ask using them. Powerful new tools—from super-resolution
microscopes to the gene-editing method CRISPR—unlock entirely new types of
questions, problems and discoveries that have not ever been imagined before. Here
we take a step back and look at the bigger picture, pulling together evidence from
earlier chapters and expanding on the insights with new perspectives. This enables
us to further develop the new methods-driven discovery theory. This general the-
ory of science is backed by five different types of evidence from diverse domains:
Statistical analysis of science’s major discoveries reveals that behind our major
leaps in science there is a powerful new method or tool that made them possi-
ble. Evolutionary biology explains our evolvedmethod-making capacity. Cognitive
science highlights how we overcome the limits of our mind and senses with pow-
erful tools that outthink, outsee and outimagine our ownminds. Scientific practice
reveals how our available tools largely define how and what we explore and under-
stand. Philosophy of science illustrates how each method has built-in assumptions,
and filters how we understand and interpret the world. Together, these five lenses
create a powerful new understanding of how science actually works. While the
search for grand explanations of how science progresses has largely been aban-
doned since Thomas Kuhn’s concept of paradigm shifts, we expand this new
general theory of scientific progress here. Integrating the five different explana-
tions, this unifying theory offers a roadmap for discovery—and a foundation for
the fields of Science of Science and Methodology of Science. Ultimately, shifting our
attention to designing new discovery tools would trigger a tool revolution in sci-
ence: where we can vastly accelerate new breakthroughs and where labs across
science begin competing to design discovery tools, not just to use them.

Overview

Discovering vaccines, anaesthesia and the structure of DNA transformed medicine
and how we understand human biology. Discovering the universe is expanding
reshaped our understanding of our minute place in the world. Developing quantum

The Engine of Scientific Discovery. Alexander Krauss, Oxford University Press. © Oxford University Press (2026).
DOI: 10.1093/oso/9780197829790.003.0010



242 THE ENGINE OF SCIENTIFIC DISCOVERY

mechanics and relativity theory redefined how we comprehend physical reality and
explain the world on both the smallest and largest scales. Yet scientists have not yet
solved the puzzle and there is still no general theory of how we trigger such extraor-
dinary breakthroughs that is grounded across different disciplines. The current
explanations of science and discovery—whether from scientometricians, historians,
psychologists, computer scientists or philosophers—describe individual factors that
affect some but not all discoveries. (We covered these in Chapters 1–6). Yet the best
way to know if our evidence or a theory in science is reliable is commonly to examine
if it is backed by independent methods from different fields. Take the theory of evolu-
tion: it is well established with rich evidence using methods from molecular biology,
palaeontology, primatology, biogeography, cognitive science and archaeology—all
telling the same story. The more diverse the methods that establish a finding, the
stronger the finding is—and a general theory emerges.

So, how does the new methods-driven discovery theory developed here hold
up? To further test its reliability, we explore how well the theory is grounded in
multiple sources of evidence: statistical data on science’s major discoveries, obser-
vational methods from biology and cognitive science, analysis of actual lab prac-
tices and research methods, and conceptual analysis. Strikingly, we find a single
principle running through all these lines of evidence: our powerful tools are the
driving force behind science and discovery. What emerges is an integrated the-
ory of how we develop new ideas, breakthroughs and fields through new tools
we build—tools that make new ways to think, experiment, theorise and imagine
possible.

Here, we lay out these five different explanations that come from diverse domains
across science. But together, they tell the samemethod-driven story, forming a unified
theory of how discoveries emerge:

• Before-and-after (statistical) explanation: Science’s major discoveries and
fields consistently follow the creation of new methods and tools that make
the discovery or field possible—and provide the entirely new perspective
(Chapters 1–5).

• Evolutionary explanation: Our minds evolved with methodological abilities
over our species’ history to observe, solve problems, experiment and create ever
more complex methods—used to gain our vast knowledge about the world.
Being cumulative method-makers is what makes us human. Remarkably, it has
been both the driver of our survival but also scientific progress. Our method-
making species is a product of evolution, and science is its most powerful
outcome (Chapters 7–8).

• Cognitive constraint explanation: Our mind and senses face many constraints,
biases and blind spots—from not being able to see atoms, to overlooking pat-
terns in data. But science progresses whenwe invent tools that bypass these flaws
and tackle these blind spots. Tools enable us to outsmart—outsee, outthink and
outimagine—our own minds (Chapters 7–8).

• Scientific practice explanation: Every experiment, study or discovery is largely
defined by the tool it relies on. Themethod we use—whether an electronmicro-
scope or computer simulation—does not just enable but largely determines what
and how we can study. It fundamentally shapes what questions and hypotheses
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we can ask, what experiments we can design, run and analyse, and howwemea-
sure and collect data. It largely sets which conclusions we can draw and how
others can even confirm the evidence using the method.

• Philosophical explanation: Every method comes with built-in assumptions:
how we define phenomena (ontology), how we measure them (measurement
system), what causes them (causation), whether we study the process, outcome,
property or system (level of evaluation) andwhat kind of explanations and theo-
ries we count as valid (epistemology). Each method is a lens that fundamentally
frames how we view and interpret reality (Figure 9.1).

A critical insight emerges here: there is no alternative explanation for how we directly
developmajor discoveries without leveraging the needed tools that make them possi-
ble and provide the newperspective.Here, wewill tackle three questions: what exactly
do these five explanations reveal about science and discoveries? How do they com-
bine to back the new method-to-discovery view? And most importantly, how can we
spark a method revolution—one that moves science faster and more strategically?

Before-and-after
(statistical) explanation
Methods drive science’s new

discoveries and fields

E = MC2Scientific practice
explanation

Methods largely define
how and what we can study

and experiment

Evolutionary
explanation
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Methods shape how we define,
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causation and so our knowledge
and understand ing of reality

cause → effect

Cognitive constraint
explanation

Methods enable us to tackle the
limits of our mind and senses and

expand our lens to the world 

methods

Figure 9.1 The new methods-driven discovery theory: How new methods enable us to develop,
conduct, improve and advance science

Before-and-after (statistical) explanation

Scientific progress thrives not just whenwe ask better questions but whenwe innovate
new methods that spark entirely new kinds of questions and answers—and chal-
lenge existing knowledge. The ‘before’ stage is marked by unsolved mysteries and
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existing tools that are not powerful enough to solve them. The ‘after’ stage marks
when we devise the right tools that enable uncovering answers to those mysteries and
trigger a new perspective. Take particle accelerators. Before we invented them, we
did not know many subatomic particles that make up the world even existed. But
after we created these extraordinary instruments, we could study their fascinating
properties and behaviour. They did not just expand our understanding of physics,
but they also helped fuel cutting-edge industrial technologies. Before electron micro-
scopes emerged, we could not see the ultra-fine structural details of cells, but after we
built this ultra-high-resolution tool a hidden universe opened up—from the complex
structure of neurons to the inner machinery of bacteria.

Examining science’s over 750 major discoveries using statistical data, we find this
striking pattern across science: we made them directly after creating the powerful,
discovery-triggering method or tool—and typically soon after creating them (as we
found in Chapter 1). What is particularly remarkable is that many new tools do not
just solve one puzzle, they spur clusters of breakthroughs unforeseeable by the orig-
inal toolmakers themselves. This ripple effect often stretches across different fields
beyond the ones in which the tools were designed. While scientists generally apply
available tools, frontier science that produces groundbreaking research applies new
tool innovations (Figure 1.1 and 1.2).

In fact, new tools not only spark new discoveries but also launch entirely new fields:
from the electron microscope opening modern cell biology and particle accelerators
and detectors giving birth to high-energy physics (Chapter 5). But how did we gain
the extraordinary capacity to invent these striking tools?

Evolutionary explanation

Whatmade us outstandingmethod-makers and tool-makers, able to reach far beyond
the limits of our own eyes, hands and imagination? Why is it that only humans can
build tools that reveal atoms, simulate galaxies and edit our genes? Our ability to do
science did not just appear recently but evolved over millions of years. Our mind’s
methodological abilities evolved by gradually improving our ability to survive and
adapt over time: vision needed to make observations and scan the world, memory to
store what we observe, imagination to extrapolate beyond the present, and reason-
ing skills to solve problems, experiment and develop ever more effective methods.
Only by using these evolved capacities can we perceive, gain knowledge and make
discoveries. Other animals share parts of this toolbox too. But only we turned these
abilities into cumulative method-making. Throughout history, our earlier ancestors
leveraged our evolved methodological mind to create methods and tools: the stone
tools of the Palaeolithic, the planting strategies and crop experiments with seeds and
soil that sparked the agricultural revolution, and ultimately the fascinating tools that
extended our perception andmind and sparked a snowball effect—triggering the sci-
entific revolution and then industrial and digital revolutions. Each newmajormethod
in history marked a method revolution (as we saw in Chapter 7).

Our evolving method-making capacity transformed us: those early ancestors
who could invent more and more effective hunting strategies, better track animal
behaviour or reduce illness with medicinal plants had a survival advantage. From
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constructing pyramids by experimenting and applying geometry and engineering, to
creating systems of mathematics and astronomy, it was method-makers who engi-
neered the world around us and changed the game. Today’s scientists build on these
method-making skills, but with far more powerful tools (Chapters 7–8).

Let us take a step back. Our mind—like everything in nature—is the result of
evolution. It developed, within our environmental and cultural niche, responding
to challenges we face.(276,278,287,335,342,343) Our gradually evolving method-making
capacity enabled us to develop ever more useful tools that increase our survival and
vastly expand beyond what evolution alone gave us. Take our vision: it is our and
other primates’ most used sensory input to make sense of the world.(344,345) That is
why we make so many vision-enhancing tools to tackle the natural limits of our eye-
sight: microscopes, telescopes, x-ray methods, spectroscopes, particle detectors, etc.
(Chapter 2). These vision-extending tools do not just set how much further we can
see—they enable us to imagine and understand the world much further than with
our unaided mind. In science, vision is still our most relied-on form of evidence to
explain the world around us (Chapter 6).

In short: our method-making mind is the deep result of evolution, and every tool
we use today is an extension of our ancientmind. Sowe can trace the origins of science
to contemporary science by tracking how we evolved to perceive, measure, theorise
and invent more complex methods. But our mind faces limits imposed by nature and
evolution. These help set the bounds within which we can do science—and gener-
ate new discoveries when we learn not to accept those limits but tackle our mind’s
constraints.

Cognitive constraint explanation

Our mind and senses—as extraordinary as they are—come with many built-in flaws,
blind spots and biases to what we can know about the world. From our eyes that can-
not see ultraviolet light to our ears that cannot hear ultrasound, the tools we develop
using our mind enable us to overcome these limits. At its heart, this is how science
moves forward. Our minds and senses evolved in a narrow window of experience
and reality—the part that mattered for survival: things close to us, slow enough to
track and visible to the naked eye.(276,278,290) But most of the universe does not fall
into our species’ small sensory window. Most phenomena in the world fall below
or lie beyond what we can observe. We are increasingly constrained the further we
move away from these evolutionary conditions—from the earth’s surface, from our
ecological niche, from our unique context. Our mind is not able, without tools, to
access what is beyond our senses: minuscule atoms and photons at the quantum level,
vast magnetic fields and gravitation, extremely fast phenomena like the speed of light,
extremely distant planetary systems and the earth’s core, intangible global economic
markets and political systems, and the effects of climate change over decades. But with
the right tools, we can suddenly access and pull them into view.

Today, most of what we study in science we cannot directly see with our bare eyes—
from subatomic particles, to proteins and neural signals, to complex financial systems.
It is the tools we create using our flexible mind that explain most of the expansion of
science by uncovering what would otherwise lie far beyond our brain’s natural reach.
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So how we understand most of reality is determined by our tools of discovery. We
can—with our naked eye—only detect a very limited range of the electromagnetic
spectrum. But that narrow window widened suddenly once we constructed infrared
sensors, x-ray devices and radio telescopes.

In medicine, a powerful toolbox made much of the field possible and contin-
ues transforming it: optical microscopes, centrifuges, x-ray devices, chromatography,
gel electrophoresis, electron microscopes and hypodermic syringes—as we uncover
when examining medicine’s major discoveries. Computer-generated images inside
the human body were simply unimaginable with our bare senses. With magnetic res-
onance imaging (MRI), electrocardiograms (ECG), computer-assisted tomography
(CT scans) and cardiac catheters we can see inside a patient’s body: scan our brain,
track heart rhythms, map blood flow and catch disease—without a single incision.
Without such powerful tools, our unaided mind could not diagnose and treat most
life-threatening diseases. These tools have not just vastly improved healthcare, they
have added quality and years to our lives.

Computers are vastly speeding up science and changing howwedo science. Today’s
computing power, automation and machine learning tools enable scientists to run
thousands of experiments, analyse vast data and make complex predictions at speeds
and scales our brains could never imagine without them. Imagine trying to find pat-
terns across millions of patient records by hand. Or simulate the earth’s changing
climate a hundred years from now. Or track a fast-mutating virus around the globe in
real time. Without the massive boost of computer-assisted science, these tasks would
be impossible and unthinkable. When we mapped the entire human genome, it was
only possible because we combined computing systems with automated methods to
process vast databases of DNA.(113) That combination also powers automated DNA
sequencing, real-time weather forecasting and measuring vital signs in hospitals.(90)
We think in science more with our tools than with our limited minds.

Powerful tools do not justmake sciencemore efficient, but give us entirely new eyes
and open up newworlds—themicroscopic world, the statistical domain, the quantum
sphere and the galactic universe. To understand how tools work and shape discovery,
we break scientific methods and instruments into three categories here:

• Direct tools: these are analogous (similar) to our mind and senses but enhance
them—low-powermicroscopes, telescopes and arithmetic improve what we can
already naturally do—see, measure and calculate.

• Translational tools: these are partly analogous to ourmind and senses but stretch
them further—x-ray detectors, infrared telescopes and ultraviolet spectrometers
convert invisible wavelengths and signals further beyond our sensory range into
something we can perceive and detect.

• More abstract tools: these are not analogous to ourmind and senses but go vastly
beyond them—quantum computing, network analysis, blinded randomised
controlled trials and particle colliders do not resemble what we can intuitively
grasp. They do not have a clear reference point with our mind or senses, but
operate far from human intuition—on a level completely unfamiliar to our
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everyday experience. Commonly, we need visual models just to interpret what
the tools are doing.

How much our tools mirror human cognition is on a spectrum: from more direct,
then partially direct, to more abstract tools—from sensory-enhancing tools, then
signal-translating tools, tomore abstract, conceptual andmodelling tools. Classifying
tools by cognitive distance from our evolved perception reveals an important insight.
The category our tool falls into shapes howwe understand—whether we rely more on
our external tools or our internal mind. While all three types of tools commonly pro-
duce very reliable evidence, we often feelmore confident in what we see. So consensus
often forms more easily with evidence from more direct tools. To conceive and test
more indirect tools often requires a radically different approach—and is often more
difficult. With indirect tools, we often rely more on computational models, statistical
inference and AI algorithms—and that can make consensus at times harder to reach.
As we develop more indirect and abstract tools—like quantum simulators that model
materials before they exist or AI systems that run thousands of experiments—wemay
find ourselves, in part, depending less on direct observation and more on mediated,
tool-led understanding. That shift raises important questions: how do we increase
confidence in tools that no one fully grasps intuitively? What does it mean for such
tools—in the domains they are used—to become the principal driver of our imagi-
nation and understanding? How do we keep science grounded in our sensory world
when part of science happens far outside of that world?

Think of phenomena with the least consensus like the evolution of consciousness,
multiple universes and the historical origin of life.(346) It is because we do not yet have
the needed tools to collect more direct, reliable evidence—a topic we return to on the
limits of science (Chapter 10).

In short: we come into the world with a narrow range of what we can see, sense and
understand—but with each new tool we push those boundaries. Computers, radio
telescopes and statistical methods do not just extend but multiply the powers of our
mind beyond our imagination.Most of scientific practice is distinguished by develop-
ing and leveraging tools that enable us to study parts of theworld thatwould otherwise
lie beyond our cognitive reach. In many fields today—from neuroscience, genomics
and climate science, to astrophysics, economics and AI—the next major leaps will
not come from thinking harder, but from designing tools that think and imagine for
us. The deeper we reach beyond our brain’s borders, the more our future discoveries
depend not on our mind—but on our tools. Science is, in many ways, about outsourcing
experimentation, pattern recognition and imagination to advanced microscopes, x-ray
machines and supercomputers.

Scientific practice explanation—how our tools shape our very
questions, problems and experiments

Science is often imagined as a logical process—one that begins with an unsolved
question or problem, then applies the traditional scientific method, and ends by
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uncovering new experimental findings or a theory. But in reality, we are not able to
run an experiment to study what our tools cannot detect—whether using advanced
spectrometers or radar telescopes. In most areas of science, if we cannot observe and
measure a phenomenon with our tools, it is generally invisible to our imagination
too. But some domains offer some exceptions, especially theoretical physics where
concepts like gravitational waves and black holes emerged—by using advancedmath-
ematical frameworks like tensor calculus and building on existing discoveries using
interferometers and telescopes (Chapter 6).

We do science using tools and methods, and those we have at our disposal
are what largely define the questions and hypotheses we are even able to ask
in the first place. The tools we use determine what phenomena we can explain
and predict using them, and what we cannot. But how do tools do this? How
do they limit and steer what we can conceive, measure and detect? Take the
microscope—it transformed biology not just by discovering cells and bacteria
and opening the microscopic world but by enabling us to conceive and tackle
entirely new questions. For the first time, we could ask: are cells the basic unit
of life? How do they actually function? Do they divide—and if so, how? The
answers are essential to the foundation of biology—and these questions would
never have arisen without the tool that made cells visible and experiments
possible.

Inventing x-ray crystallography then revealed the mystery of the structure of DNA
by enabling researchers to see its double-helix structure. This unlocked profound new
questions in biology: how does DNA’s structure replicate itself ? How does it encode
and store genetic information? These questions became the foundation of molecular
genetics—and theywere only possible by inventing x-ray crystallography (Chapter 1).
Later, creating gene sequencing methods transformed biology again, enabling us to
examine genetic variations with unprecedented precision and scale. This new tool
sparked completely new types of questions unimaginable before: can we sequence
the human genome? How are gene mutations linked to diseases? How can we design
treatments tailored to an individual’s DNA?(113)

Think of new machine learning and AI tools. These have opened new experi-
ments, simulations and ways to detect patterns using datasets so massive that no
human could make sense of them alone. From drug discovery to complex sys-
tems and climate modelling, AI tools do not just make science faster but let us
do an entirely new, deeper kind of science. Innovative AI algorithms help uncover
new drug candidates and antibiotics by quickly analysing millions of molecules.
They spark fundamental new types of questions: how can we best find hidden pat-
terns in medical records for millions of patients? How can we simulate billions
of interactions in an ecosystem or an economy? How can we make more efficient
predictions?(90,275)

Take the extraordinary invention of the spectroscope.(347) It did not just give us
a new kind of vision but opened transformative new ways to explore the universe.
By being able to analyse the light emitted by stars, it opened completely new fascinat-
ing questions and answers never imagined before: do the same elements thatmake up
Earth also exist in distant stars? How did these elements form in space and come to be
scattered across the universe?Where does the immense heat and energy of stars come
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from? What is the chemical makeup of other planets? Surprisingly, we discovered
that stars and planets are built from the same fundamental elements on Earth. Dif-
ferent planets could then be seen as a kind of experimental control for how life could
emerge. They became natural laboratories, helping us figure out what conditions
make life and a liveable planet possible. The universe, at least in part, did not seem
so completely distant or alien—it felt more connected, made of the same building
blocks.

This logic of science—that new tools largely dictate the very scope of scientific
inquiry—plays out again and again across all fields. Space telescopes open entirely
new astronomical questions about the early universe billions of years ago, about
the origins of galaxies and about the behaviour of gravity. Electron microscopes
catalyse entirely new research areas in cell biology, materials science and nanotech-
nology. New tools do not just discover what is out there—they discover what we did
not know we were even missing. Our powerful tools illuminate the deep gaps in our
knowledge—they expose our ignorance. That is how many breakthroughs begin—
not just by reinterpreting the old map, but by inventing a new kind of compass
we had not yet imagined. So using a new tool is not just a technical upgrade, it is
often actually the birth of a whole new kind of science that stretches our sensory
reach.

The connection between toolmaking and the new types of questions it sparks
is not just a success story for science—it is a principle for discovery. Scientific
progress is driven by tool innovation and planning—not just serendipity or theo-
ries (Chapters 2 and 6). We can summarise the central point here: the particular tool
we apply—whether a particle collider, statistical method or brain scanner—largely
determines how we can design, carry out and analyse our study. It sets how we
can define and collect data. It shapes the scope of our results, what conclusions we
can draw and even how other researchers can test and confirm evidence. In other
words: we tailor and fit our research around the current tools we use. We need to
let go of the common belief that tools support research, they largely define it: they
are our lenses that determine what parts of the world come into focus and what
parts do not. The biggest breakthroughs are often less about coming up with the
perfect questions and more about coming up with the right tools. In short: sci-
ence is the pursuit of answers to both known and unknown questions by creating
and upgrading our tools of discovery—tools that expose new realms and tackle our
ignorance.

There is a deeper insight here: a tool is more than an object—it is a language of dis-
covery. A tool like x-ray crystallography or electronmicroscopy does not just improve
science in one lab—it transforms the kinds of questions we can ask and how we talk
about and tackle them across entire fields.

While our attention is focused on science’s great discoveries and theories (final out-
puts), our ever-expanding toolbox is what makes all steps throughout the discovery
process possible. With it, we do not just uncover knowledge—we build the process of
discovery itself. Here we lay out a conceptual framework of science and discovery—
what we call the new method-to-discovery view (MTD). The idea is straightforward:
when we extend our toolbox, we can study and measure the world in powerful new
ways that enable us to develop new knowledge and discoveries—and these make up
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science (see Figure 9.2). Here, a powerful feedback loop drives toolmaking: when
existing tools fall short—whether hitting observational blind spots or measurement
gaps—we build better tools, but over time those tools reveal limitations and demand
better tools themselves, and the cycle begins again.

How do methods and tools connect data to results and to theory, and make both
results and theory possible? How do different methods and tools produce different
evidence about the same phenomenon? This MTD view offers insights: it explains
how methods guide each step of the scientific and discovery process—acting as a
compass steering the path to discovery (Figure 9.3). The data in a study can only
be defined, collected and analysed after we select a method—from randomised con-
trolled trials, to CRISPR gene editing, to gravitational wave detectors. How we assess
experiments and studies also depends mainly on our methodological design. Meth-
ods define standards of evidence, replicability and precision. What we can discover
in science largely begins and ends with our methods and the evidence they produce
(Chapter 6).

What 
questions 

we can 
ask

How we 
design and 
conduct a 

study

How we 
observe, 

measure, and 
collect data

What cause-
effect 

relationships 
we can study

How we 
analyse
a study

What evidence 
we can create

How we 
interpret 

results

What 
theories 
we can 

formulate 

Methods and tools
shape each step in how we do science

How we 
define 

phenomena

How we 
replicate 

discoveries

Figure 9.3 Methods-driven science: how methods and tools shape knowledge and
discovery at each step

Other factors—like serendipity and theories—can influence part of the dis-
covery process. But methods are the most systematic and universal framework
that consistently shapes each step of the discovery process across breakthroughs
and fields. Methods are the procedural backbone that makes discovery possible,
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testable and generalisable, while other factors generally depend more on contexts
or fields (Chapter 6).

In contemporary science, we can only develop theories, directly or indirectly, by
relying on the tools that uncover findings demanding an explanation; and tools are
then what let us test whether our theories actually hold up (Chapter 6). Solid analysis
depends on solid data. And solid data only ever comes from a solid method. That is
why designing the rightmethod is essential for running experiments. Evidence is only
as strong as the methods used to generate and test it. When researchers using differ-
ent methods reach the same results, our theories become more reliable. For example,
climate change is not confirmed by just onemethod: it is shown independently by sta-
tistical climatemodels, satellite temperaturemeasurements and ice core samples from
Antarctica that record CO₂ levels. That convergence is commonly how our evidence
and theories become established science.

Philosophical explanation

Can we also better understand science and discovery by exploring the philosophical
assumptions that underlie ourmethods?(348,349) Indeed, eachmethod and tool we use
shapes how we are able to see the world—through five domains:

• Ontology: Using a specific method, we define and categorise what we are even
able to study—guided by the method’s design. With statistical methods for
example, we can only study what we can quantify—capturing at times complex
reality in data observations.

• Measurement system: Using a specific method, we set how we can represent
what we observe. We can record ‘yes or no’ responses, rate a phenomenon on
a scale, or measure exact concentrations with our data (binary, categorical or
continuous variables).

• Causal relationship: Using a specific method, we choose what kinds of cause-
and-effect relationships we can reveal. Statistical methods can uncover aver-
age causal effects of a treatment or policy (giving us probabilistic insights),
while algebraic equations generally describe fixed relationships between factors
(deterministic).

• Level of evaluation: Using a specific method, our methodological choice fun-
damentally determines what aspect of a phenomenon we explore. It shapes
whether we study outcomes (like medical diagnoses using clinical trials) or
processes (like tracking behaviour using observational studies). It determines
whether we investigate systems (like our ecology using computational mod-
elling) or properties (like chemical substances using spectroscopes).

• Epistemology: Using a specificmethod, we set what counts as valid evidence and
explanation. The scope of our knowledge is shaped by the scope of the method
we employ to create that knowledge. How rigorous our climate predictions
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for example are depends on how rigorous our statistical and computational
methods and satellite observations are.

Each tool has these assumptions built in. Our tools standardise and automate how we
do science—making it possible for different scientists to investigate the same problem
in the same way.

We can illustrate this with a clear example: randomised controlled trials. RCTs are
widely seen as the best method inmedicine and social science for assessing how effec-
tive a treatment, drug or policy actually is. When we apply the RCT method, we are
studying one targeted cause—the treatment—and isolate its effect from the broader
environment. This research design answers questions like ‘Does this vaccine reduce
infection?’ but is less suited for exploring complex webs of causes or social systems.
Using the RCTmethod, wemeasure the outcome (did it work)—not the process (how
did it work). We focus on the average causal effect on everyone in the trial—not the
range of effects across individuals. RCTs are best for simple, well-defined interven-
tions but struggle with complex, interconnected interventions like urban planning
or climate policy.(234) These built-in features of any method do not just shape our
results. They shape how we see the world itself: dictating how we define, measure,
evaluate, establish causation and ultimately what we count as reliable knowledge.
Compared to RCTs, methods like observational studies, in-depth case studies or net-
work analysis let us examine similar questions but from different perspectives. While
the RCT method has transformed how we fight disease and design public policy,
it cannot study other aspects of the same phenomena—where other methods fill in
the gaps.(234)

We cannot emphasise this enough: the way we understand the world is insepara-
ble from how we measure it. The cause-and-effect relationships we uncover—or miss
entirely—depend on the available tools we use to detect them. Our current methods
are the lenses through which we see reality—the bridge between the world and how
we examine and explain it. To describe howwe spark discoveries is largely to describe
the methods we leverage to study, measure and reveal.

This methods-driven perspective also helps explain why scientists often argue:
namely how major debates and disagreements in science arise. Big debates in
biology—from the nature of life to how much nature or nurture shapes human
behaviour—generally emerge from using different methods to study genes, our natu-
ral environment or social context. Big debates in physics—from the nature of matter
to the universe—are often traced back to applying different methods. Think of deter-
ministic algebraic equations or probabilistic statistics to express these phenomena.
Big debates in medicine and economics—from the most effective treatments to the
best government policies—typically arise from relying on differentmethods. Think of
randomised trials, observational studies or network analysis. Different methods push
certain aspects of a phenomenon into the foreground and others into the background.
They frame the very way we think about and conceptualise the same phenomenon.
After outlining how our powerful methods drive science from five different perspec-
tives, we next expand on the general theory of science (which we introduced in
Chapter 6).
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The new methods-driven discovery theory: backed
by five different perspectives

Can we reduce how we make discoveries and fields to a universal theory that we can
test with evidence? Can we describe the discovery process in a way that holds up
to evidence across fields? Equations like Einstein’s E = mc2 and Newton’s F = ma
formalise knowledge in fields like physics—but can the method-driven process of
how we spark breakthroughs also be better formalised? A good scientific explana-
tion generally needs to combine solid evidence with a theory explaining ‘how’ (the
causal mechanism). By examining science’s major discoveries and fields, a remark-
able pattern emerges: newmethods and tools are a necessary condition and commonly
the key driver for how science’s major discoveries and fields emerge. Other fac-
tors like funding,(6–8) teamwork,(9–11) institutions,(208,215) greater education(44,85) or
serendipity(18,20) support breakthroughs but are not always necessary—they vary by
discovery and by context. And theories cannot be meaningfully developed or tested
without building on methods (mathematical, experimental). What is at the core of
progress—its common thread: the development of new tools to see and measure the
world through new lenses (Chapters 1–6).

Here, we combine that evidence across science with this theoretical explanation.
This new methods-driven discovery theory is straightforward: we unlock science’s
major discoveries and fields by using current scientific methods and tools and devel-
oping a new method or tool that enables us to observe, solve problems, experiment
and theorise and collect new evidence of theworld—inways that are impossible with-
out the new method or tool (Figure 9.4).¹ The discovery process can be reduced to
these methodological features. The key is inventing a new method or tool that gener-
allymakes it possible to see, test and think inwayswe could not before (Chapters 1–6).
While disciplines vary widely in what they study—from chemistry to neuroscience
and astronomy—they are consistently powered by the same engine of how they study
and advance: new methods and tools. Take the nobel-prize-winning discovery of cell
structure. This remarkable breakthrough was triggered using a new electron micro-
scope to uncover cellular structures no one had seen before—while experimenting
with mice and using other methods such as statistics and a centrifuge. This optical
innovation transformed how we understand life at the cellular level and opened
modern cell biology.

Many think scientific progress is mainly driven by new findings and theories. But
digging deeper, we find that creating and applying new methods and tools are com-
monly what drive those new breakthrough findings and theories—by reshaping how we
perceive, experiment, imagine and theorise in ways not possible before (Chapters 1–2).
This is not just a theory about tools of discovery—it is a theory about science’s cen-
tral driver of perception, experimentation, imagination and theorising. This theory

¹ We can express the theory as: (M and T + nM or nT) + (O, P, E, Th) + W(1, 2, 3…) = D
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explains how we make science’s major discoveries and fields—and we can express it
simply as:

+ + =
Evidence of the world
(observations or experiment

findings previously
inaccessible without

the new tool)

New discoveries
and fields

We develop tools – or adopt them from
other fields – to observe, solve problems

experiment and theorise

Current methods
and tools

New
method or tool

Broad factors, such as existing research, basic 
funding and the scientific community, support

developing tools and expanding science

Figure 9.4 The new methods-driven discovery theory

This general theory links scientific progress to the current gaps in our tools.We can
use the theory as a guide to spur future breakthroughs by tackling current method
bottlenecks and extending our discovery tools. Our big unsolved challenges—curing
neurodegenerative disease, understanding our brain’s complexity, halting climate
change, etc.—stall when our current tools cannot see or test deeply enough. In short:
bigger newmethods are more likely to produce bigger, more transformative discover-
ies, while relying on smaller conventional methods—ones we are familiar with—are
more likely to produce smaller conventional knowledge.

Amethod revolution in science

Imagine if a method and tool revolution transformed the future of science as dra-
matically as six game-changing tools did for the 17th-century scientific revolution
(Chapter 7).What if scientific labs began competing to invent tools of discovery, not just
to apply them? This can spark a tool revolution across scientific fields—but also across
science policy, funding priorities and even the way we think about science and discov-
ery itself. Imagine a world where research labs invest as much time in making method
innovations as they do in running experiments and collecting and analysing data.
Imagine global open-source platforms where scientists prototype new research tools
across disciplines—from more advanced real-time brain imaging in neuroscience, to
ultra-efficient carbon capture methods in climate science, to designing materials in
engineering with more advanced AI tools. Or imagine even AI tools that are built as
much for designing new experimental methods as for running existingmethods. Such
a transformation would fundamentally change our focus of the eureka moment: from
just single discoveries to equally celebrating the moment we invent powerful new tools
that often unlock many more discoveries.
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An awareness within the scientific community of this new tools-driven discov-
ery principle would have the power to drive a method revolution in science—a
fundamental change in mindset among scientists. It means researchers would
recognise that developing new methods and tools is how we spark new advances. If
we shift our focus to extending what our methods and tools can do, we introduce a
powerful new way to address science’s biggest problems—from better tackling cancer
to better protecting our ecosystem. A method revolution would fundamentally place
innovation in tools at the centre of the scientific and discovery process. Until now,
we have made our tools in an ad-hoc, scattered way—without recognising that the
driving force of science is creating and upgrading the very tools we use. A method
revolution would be fuelled by the scientific community—including scientists, uni-
versities, journals, funders—deliberately prioritising the design of new methods in
a strategic, targeted way to accelerate the pace of discoveries. We would start seeing
the foundation of science not as our body of knowledge but as the remarkable tool-
box it is that we invent and continually refine to develop new breakthroughs. If we
want to better understand the world and science, we first have to understand—and
improve—the ways we study the world and do science.

When we think of science, what is the first thing that comes to mind?Most think of
our bodies of knowledge: laws of physics, biological mechanisms, chemical elements.
But is it not just as important to understand the way we generate that knowledge—
to understand our tools and how we develop them? The tools we have invented up
to now largely set the scope of what we can explore and what we can know. There
is an inseparable interplay between our available tools and the discoveries we can
make. Before we can make a breakthrough, we first have to come up with a way to
expand how we study the world. Science’s enormous success is largely explained by
upgrading our toolbox over and over—frommassive particle accelerators discovering
fundamental particles to CRISPR rewriting genes. The success of our best methods in
tackling our large challenges in science, technology and society in the past highlights
the power of deliberately extending the tools we have today.

A methodological shift is also needed in how we conceive science itself. We should
no longer divide scientific research into two categories, experiment and theory—or
experimental scientists and theoretical scientists. Methods and tools are what make
both developing experiments and theories possible in the first place. They determine
our experiments (howwe design, run and assess them) and govern our theories (how
we formulate, test, refine and validate them) (Chapter 6). That is why we introduce
here a third essential dimension to science: method. Without methods and tools,
science is missing a central pillar. Recognising this method-experiment-theory dis-
tinction gives us a much clearer, more realistic picture of the actual nature of science
and scientific progress.

Conclusion

The world around us consists of astonishingly complex mysteries—from galaxies col-
liding across the cosmos to genes shaping life itself—that we can only uncover and
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understand using the tools we have invented. Recognising that newmethods and tools
are the engine of discovery offers us a newway to understand and advance science: by
redirecting our attention to extending our extraordinary toolbox. What emerges is a
new methods-powered explanation of the foundations of science, and a new general
theory that explains how we develop breakthroughs by innovating and re-innovating
new tools. This is the core of the newmethods-driven discovery theory: inventing bet-
ter ways to look for and find answers. It explains how our ability to access the world is
constrained by the available tools we have designed so far. Simply put: we cannot do
science in ways other than by using our available methods and tools. New tools shape
the very direction science takes. From quantum computing that opens up an entirely
new way to think about information itself, to the gene-editing method CRISPR that
makes biology programmable.

Expanding the research frontier is about breaking through the bottlenecks of what
our current tools and mind can handle—it is about innovative toolmaking. Sci-
ence is, in many ways, about amplifying how we see, experiment, infer and imagine
with cutting-edge spectrometers, telescopes and supercomputers. This methods-led
principle of science is backed by multiple independent strands of evidence and
methods—as we laid out here. New methods are what enable us to revise our biggest
questions, answers and theories under new light—and develop entirely new ones. If
we want better answers, we have to change the way we approach the questions—and
that generally demands new ways to explore them.

Take the ten most powerful tools of discovery that have all been continually
upgraded (Table 6.1). The great method-makers who built these groundbreaking
innovations have arguably had more impact on scientific breakthroughs than other
scientists. For we have implemented each of these tools to catalyse multiple dis-
coveries (Chapter 1). Yet most people have likely not ever heard of these method
discoverers—the most impactful researchers in history. But all are likely familiar
with discoveries made possible by harnessing these great tools: from the discovery
of DNA’s double-helix structure (using x-ray crystallography) to the discovery of cell
structure (using electronmicroscopes). These tool innovators are the forgotten heroes
of science. We need to rewrite science textbooks to make them the key protagonists
of science. After all, our best methods and tools may well be the greatest and most
efficient things humans have ever created to understand and shape the world. The
future of science depends largely on the toolmakers and method-makers who give us
new ways to see, explore and imagine.

If we all became aware of the power of toolmaking on discovery-making, it could
spark a method revolution in how we do science. If we taught young scientists to
see toolmaking as an essential part of discovery—as important as finding answers.
If institutions and funding agencies prioritised method innovation as much as chas-
ing big results. And ultimately, if we take the needed steps and time to identify our
own method constraints and contribute to expanding science’s toolbox—to unlock
new domains we cannot imagine today. But this requires us to reshift our attention
from the shine of discovery to the engine that powers discoveries—so that discovery
tools begin to share the spotlight.





PART III
THE PRESENT LIMITS AND FUTURE

OF SCIENCE AND DISCOVERY

In Part I of the book, we asked big questions: how do we drive new discoveries, scien-
tific fields and ultimately science? The answer: by inventing powerful new methods
and tools that make new ways to see, measure and experiment possible. In Part II,
we then tackled the question about the deeper origins of science: how did we start
science in the first place? The answer: by using our mind’s evolved methodologi-
cal abilities that we have developed into ever more sophisticated methods and tools.
These enabled us to develop scientific and technological knowledge—and eventu-
ally give rise to the innovative techniques that sparked the agricultural, scientific,
industrial and digital revolutions. After mapping out the foundations and origins of
science, other fundamental questions at the frontier of science arise: what are the cur-
rent limits of science? How can we break through these limits faster? Can expanding
our toolbox play as powerful a role in explaining the future of science as it does the
past and present? In Part III, we turn to these questions—some of themost important
questions we tackle in the book, because the answers will shape what science can do
next.

Pulling the three parts of the book together, we gain a new picture of science—how
our toolbox is at the foundations, origins and limits of science. Strikingly, we uncover
how the foundations and boundaries of science are primarily the foundations and
boundaries of the evolvingmethods and tools we create. We now combine these parts
in the last two chapters.





10
The edge of discovery

How the boundaries of our toolbox set the current
boundaries of science

Summary

Are we close to hitting the limits of what we can discover? Or can we keep
pushing forward into the edges of the universe, atoms, genes and human soci-
eties? Are we nearing the boundaries in some fields like theoretical physics or
macroeconomics? And what exactly shapes the current boundaries of what we can
know? These are key unanswered questions, but the answers are often less mys-
terious than they seem. Recognising that progress in tools is what mainly drives
progress in science—that spectrometers reveal the chemical makeup of distant
planets, that x-ray crystallography uncovers themolecular architecture of complex
compounds—gives us a new way to think about the barriers of science. Yet gener-
ally, researchers study the limits of science only through the lens of their own field;
they point to what we are not yet able to explain: from dark matter in physics, to
how life began in biology. Yet here we explain how our current scientific frontiers
are shaped by five factors: our scientific methods and tools set the present limits of
what we can observe, test and discover in most of science today, but our evolved
mind shapes how we develop those methods—while the time and place we live in,
our human perspective and our social context help shape what we study within
these limits. What is key is that the incredible power of our new tools of discovery
consistently break through these barriers, by reducing our human constraints and
vastly stretching our scope of the world. Science’s boundaries are not fixed, they
are the shifting edges of a map we redraw with each major new tool. Still, there
are many mysteries we cannot unlock with our current tools today: from the size
of the universe and superstrings to how consciousness emerges and predicting the
rise and fall of democracies. But there is a paradox: understanding what drives the
current limits of science is the best way we have to expand and redefine these very
limits.

Overview

We know the universe came into existence about 14 billion years ago. We know phys-
ical reality is governed by fundamental forces—gravity, electromagnetism, the strong
force and the weak force. We know the chemical elements of the periodic table make
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up the world. And we know our genetic material is transferred through our DNA.
These discoveries form central and reliable pillars of science—so solid that we are
unlikely to replace them with fundamentally different breakthroughs and theories
that are as remarkable. But does that mean we may be getting closer to the limits of
science?

The evidence shows that alone in the last few decades, we have made over a dozen
groundbreaking discoveries that have reshaped entire fields. Think of the nobel-
prize-winning discoveries of CRISPR gene editing made in 2012 that rewrites life’s
code—it was sparked by a new method of differential RNA sequencing developed
in 2010.(114) Or take the existence of the Higgs particle also in 2012 that confirmed
a missing piece of physics—it was detected by the large hadron collider built in
2008.(117) Or the detection of gravitational waves in 2015 that illuminates the mys-
teries of black holes—it was achieved by the LIGO laser interferometer upgraded in
2015.(138) Or other major non-nobel discoveries like mapping the human genome in
2003 that transformed personalised medicine today—it was driven by an improved
genome mapping technique created in 2001.(113) These discoveries did not just add
details to what we know, they redrew the borders of genetics, physics and astron-
omy. Each time, new tools or methods were key in breaking through the scientific
frontier.

If we want to keep expanding our frontiers, we need to ask: what holds us back
today? What limits our current tools to explore the world in new ways? The limits
of our current tools tell us how far we have gotten and when we hit the borders of
how we can presently do science. Many unsolved puzzles exist at the research fron-
tier: what exactly makes up our universe? What are the evolutionary origins of stars
and planets? How exactly did societies evolve? What exactly is the nature of mem-
ory in the brain?(346) Can we not just understand cancer’s causes but find cures that
work for everyone? What parts of the scientific process can be best carried out by
AI and machine learning methods? Then there is one of the most perplexing myster-
ies of all: consciousness. We have advanced tools to scan brains, map neural activity
in real time, detect regions involved in decision-making and language, and mimic
some aspects of human thinking with AI methods. But the enormous challenge of
consciousness remains unsolved: how do the physical processes of neurons create
the vivid, subjective experience of being alive and aware?(346)

Tackling the limits of science is crucial, because even though biology andmedicine
have drastically reduced deadly diseases and extended our life expectancy, we still do
not have cures for many diseases, cancers and viruses. Physics and chemistry have
fuelled vast technological and industrial advances that built modern society—from
electricity to computers—but we have not yet solved the challenges they foster like
climate change, pollution and the risk of advancedweapons. Yet scientists rarely study
the boundaries of science in a systematic way, at times seeing them as too big, too
abstract or not subject to scientific study. A keyword search of ‘limits of science’ and
‘boundaries of science’ in publications up to 2025 in the leading journals Nature and
Science results in about 250 hits. Yet we have still not explained what actually drives
the current boundaries of science and how we can expand them in an integrated way.

Researchers do not focus on how we push our boundaries to discover entirely
new phenomena; but rather generally focus on what phenomena are presently
out of reach: puzzles in physics,(350–352) unsolved mathematical mysteries,(351,353)
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the bounds of our mind(354–357) and philosophical aspects underlying scientific
laws.(353,358–361) The journal Science published a special issue What Don’t We Know?
exploring 25 of the biggest open questions in science.(346) From physicists who
explore questions such as what dark matter is made of, to biologists who investigate
questions such as how life began on earth. Yet it helps to think beyond disciplinary
borders. In an influential book, The End of Science, John Horgan offers a pessimistic
outlook, claiming that sciencemaybe coming to an end as science is running out of big
questions.(362) But the last few decades have proven the opposite: major new break-
throughs have been achieved and many big open questions remain. Yet there is still
no integrated framework that explains where our scientific boundaries lie or how we
can best expand them. The best way to achieve this is by combiningmethods and evi-
dence from different fields. Here we draw on methodology, cognitive science, social
sciences and science of science—each contributes to capturing the larger picture.

Whenever we run into a wall with our current tools—whenever we cannot see
smaller, farther, faster or deeper than our tools allow—it means we are reaching the
frontier of science. If we understand what holds us back and deliberately redirect our
energy to tackle it, we can break through the frontier. Here is the key insight: scien-
tific methods and tools set the current boundaries of what we can know and what
discoveries are possible for most of science today, but our evolved mind also shapes
how we create those methods—while where and when we live, our human perspec-
tive and social factors help shape what we study within these boundaries. Science is
something we do, using our tools and our mind, within our niche of the world. So
what factors shape the limits of science and the scope of discovery? Here we describe
the five main factors:

• Methods and tools: Today’s major discoveries that break boundaries are only
possible with advanced tools—cutting-edge statistics, computers, x-ray devices,
MRI scanners. These massively expand how we see, think, reduce complexity
and imagine. These tools set what we can measure, model and explain in the
world—andwhat we cannot. They comewith their own blind spots and limits—
from resolution limits in microscopes to biases in AI models. That is why the
real challenge—and opportunity—is finding ways to push beyond those barriers
with ever more powerful tools.

• Ourmind:While our evolved cognition and senses shape howwe observe, solve
problems and reason, we vastly extend them and tackle our built-in blind spots
with the tools we invent. We are able to uncover those discoveries that fall into
our sensory range that we are able to perceive with our methods and tools that
stretch our mind in extraordinary ways—from mapping neuron synapses to
detecting distant galaxies.

• Our place and time: We live within a specific century and in a limited pocket of
the universe—on one small planet. That means we have to deal with the data we
are able to gather: here and now. This shapes part of what we can discover. The
further we study the past (like the origin of our planet or the Big Bang) or into
the future (like the evolution of a virus, species or galaxy), the current limits of
science are shaped by human limits—the boundaries of our methods andmind.
But also by the increasing difficulty of collecting reliable data as we move away
from the present.
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• Human perspective: We humans are the ones doing the science—and develop-
ing the tools that enable doing so.We focus onquestions that serve our needs and
wants: we care about curing disease, understanding human origins and build-
ing better human technologies. Even the way we define a ‘problem’, ‘solution’ or
‘sufficient evidence’ is shaped by our human perspective—our human lens that
drives incredible discoveries but also leaves blind spots in what does not matter
to us as humans.

• Social context: By pooling the method-making resources of many scientists,
our scientific community spurs research at the frontier. Our institutions, fund-
ing and societal challenges—from pandemics to climate change—can influence
someof our research priorities and toolswe produce. Economies of scale, reward
systems and science policy also help steer research directions, influencing some
breakthroughs we chase.

These five factors together set the limits of what we know, but there is one clear, uni-
fying thread: our methods and tools. Through innovative toolmaking, we can push
past the limits of our current tools but also our senses, mind and human perspec-
tive. Our tools are generally the factor we can most deliberately improve. And only a
cutting-edge telescope, computer or sensor lets us see something we could not before.
Science can only ever go as far in explaining nature as the tools we have developed so
far can visualise, detect and measure it.

Here, we tackle three questions: how did we, throughout history, expand the
boundaries of science? How do these five factors actually shape our current limits of
what we can discover? And how do the strengths and limits of today’s most advanced
tools largely define the edge of what is possible to uncover?

The evolution of science: expanding the boundaries of science

In the early 1500s, we viewed our physical world as geocentric andfinite. Butwe devel-
oped extraordinary tools and methods in the 1600s like the telescope that enabled
us to peer at distant planets, the barometer to measure air pressure and calculus to
describe motion. These tools transformed how we thought by allowing us to explore
and theorise about the world in new ways. By the end of that century, our physical
world was no longer geocentric and finite but heliocentric and unimaginably vast.

In the medical world, we were not able—in the mid-1800s—to link diseases to
their causes and test treatments properly. But by the early 20th century, we developed
systematic controlled trials using randomisation, blinding and placebos, powered by
statistical analysis. Thismethod revolution vastly improved howwe experiment, turn-
ing medicine into a rigorous, evidence-based science. We were then able to measure
what actually worked—the causal effects of medical treatments—cut deadly guess-
work and extend human life. With randomised controlled trials transforming howwe
test what drugs, vaccines and public policies work best,(234) we redefined and pushed
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the limits ofmedicine but also psychology and the social sciences. These fields became
in part redefined by the limits of this new method.

The boundaries of science are not rigid but are the flexible edges of a map that
we keep redrawing. When our tools stagnate, so does our progress. Just like the first
telescopes forced us to revise and update what we know about our solar system,
the size of the universe and our place in it, the first microscopes uncovered hid-
den microorganisms and eventually changed our understanding about disease and
infection. Each new tool did not just add data but rewrote and redefined the very
limits of physics and biology. These limits were no longer defined by the limits of
our senses but became redefined by the limits of these new tools. These remark-
able tools were continually improved and very successful up to the 19th century
until we reached the blurred limits of their resolving power—and again the limits
of science in different fields. Leading up to the 1930s, biologists and physicists were
able to observe some but not other phenomena they thought could exist. A criti-
cal change came in 1933 with the invention of the electron microscope, bringing
ever more minuscule phenomena into view and revealing more of the mysteries of
cells, large molecules and crystals.(363) It revolutionised fields from biology to mate-
rials science, and their limits became once again reset by the limits of this new
instrument.

The current edge of science is largely synonymous with the current edge of the
tools we have created so far. Without progress in methods, major new discoveries are
commonly not possible. Without launching improved space telescopes to search for
ever better signs of new planets or even life on distant planets, we cannot ever find
them (Chapter 1).

The success of science is—at any moment in history—mainly a success story of
the incredible tools we have in our hands, and invented and recombined up to
now. What is striking is that we have not yet given enough attention to this funda-
mental fact: there is no general methods-driven theory of science and the limits of
science.(346,350–353,358,361,362) Instead, we have stretched the bounds of science in a
surprisingly ad-hoc, piecemeal way—by individual researchers who happen to inno-
vate a new tool enabling us to broaden our reach (Chapters 1–6). We have expanded
the frontier without a science-wide understanding that our new tools are what trigger
our major new advances.

We have seen how six new groundbreaking inventions unlocked most major dis-
coveries in the 17th century (Figure 10.1). Pioneers like Galileo, Hooke, Boyle and
Newton each used at least one of the newly invented tools to uncover mysteries about
life, the human body,mechanical physics, light and the cosmos. Strikingly, these tools,
in updated forms, remain essential today. It is not by chance but by devising new tools
that make the invisible visible and the complex understandable.

Our greatest discovery may be uncovering that progress itself depends on con-
stantly building better ways to observe, measure and test the world. Those remarkable
inventions around the 17th century did not just explain nature—they planted the
seeds of modern science. The roots of modern science stretch back and branch out
through these few extraordinary tools (Chapter 7).



Redefining
our scientific 

limits with 
new methods 

and tools

Method or tool developed
LIGO detector, improved (2015)

differential RNA sequencing (2010)
spectroscopy, improved adaptive optics (2002)

starch-column chromatography (1948)
electron tube, improved (1913)

x-ray crystallography (1913)
spectrograph, improved (1859)

discharge tube (1875)
microscope, with silver staining (1873)

leyden jar (1745)
thermometer, mercury (1714)

calculus (1675)
statistics (1663)

microscope, improved (1662)
vacuum pump (1659)

barometer (1643)
telescope (1608)

discovery it triggered
observing gravitational waves (2015)
method for genome editing – CRISPR (2012)
supermassive compact object at the centre of our galaxy (2002)
synthesis of polypeptide hormones (1953)

structure of DNA (1953)
atomic light signatures (1859)
x-rays (1895)
structure of nervous system (1873)
nature of electricity (1752)
oceans control global weather (1770)
hydrodynamics (1734)
field of demography (1663)
cells (1665)
Boyle's law (1662)
Pascal’s law (1647)
Jupiter's moons (1610)

Limits of science and our understanding of the world in the…
future   2000s    1900s    1800s    1700s   1600s

laws governing impact of electron on an atom (1913)

Figure 10.1 Our scope of the world expands at the pace of our new methods and tools
The major discoveries and the tools used to make them are based on nobel-prize and major non-nobel
discoveries.(82)
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The five factors shaping the current limits of science

Methods and tools

Here we unpack the five factors that both hold us back and drive us forward as we
try to break through the frontier of science. In most areas of science today, a pow-
erful statistical method, cutting-edge x-ray scanner or super-resolution microscope
can generally reveal more than a million eyes or minds puzzling over the same ques-
tion. Our best methods and tools do not just push the boundaries of discovery but
define where we presently draw those boundaries. They determine our experiments
and data. With each powerful new tool we have invented and re-invented, we have
drawn and re-drawn the map of the unknown.

We have built ultrasound devices that detect soundwaves otherwise out of our
reach, developed massive datasets that work as external memories, created computer
and machine learning technology that examine those data to find hidden patterns.
Amplifying our toolbox greatly amplifies how we can grasp reality—to observe the
previously unobserved and explain the previously unexplained. Our toolbox has
opened our scope to a world of microbes, synapses in the brain, elementary particles,
galaxies billions of light-years away and geneticmutations that cause disease. Progress
in science is largely about upgrading our instruments sowe can explore parts of reality
that evolution never equipped us to see.(82)

But every tool has its limits. Each MRI scanner, supercomputer or statistical
method has built-in boundaries that set what questions we can study and what find-
ings we can make (Chapter 9).(234) Each tool defines the scale, precision and kind of
detail we can uncover—leaving deeper layers of reality hidden until new instruments
reveal them. Our tools struggle tomake sense of extremely complex systemswhere the
whole is more than the sum of its parts. They fall short when trying to model emer-
gent properties that do not easily reduce to their parts—think of weather systems with
chaotic, hard-to-predict dynamics, or the intricate signalling networks inside living
cells. Despite powerful tools like x-ray devices or high-energy particle colliders, there
are layers of structure and interaction we cannot yet measure or image. Our best com-
putational methods including supercomputers, quantum computers and simulators
also hit real barriers to how deeply we can study, model and theorise about the world.

These limitations of our tools also constrain the very physical laws we are able to
discover—and those we are not. They restrict the very theories we can conceive—
because theories ultimately rely, directly or indirectly, on the unexplained findings
our tools reveal (Chapter 6). We cannot properly conceive or confirm theories if we
lack the methods to measure the variables or compute predictions. In neuroscience
for example, we cannot fully explain consciousness because our current tools face
enormous measurement constraints. Even our best brain-imaging tools cannot yet
map the brain’s activity with enough resolution or completeness.(346)

Our mind

Ourmind is extraordinary, but it facesmany built-in limits, blind spots and biases that
shape how we see the world, how we reason and how we do science. As the physicist
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StephenHawking put it, ‘We are just an advanced breed ofmonkeys on aminor planet
of a very average star. But we can understand the universe. That makes us something
very special’. Howwe do science relies on our evolvedmethodological abilities to solve
problems, test hypotheses and spot causes, but also abilities to remember details, use
language, learn from one another, teach, abstract and imagine possibilities. Because
ourmind is the unpredictable product of evolution, we are tuned to a narrowwindow
of the world: making sense of those parts of reality that mattered for our survival and
our senses can directly pick up (Chapters 7–9).(276,278,287) Even our basic concepts of
space and time partly reflect the limits of human perception and the way our mind
simplifies a complex world to make it manageable. These built-in blind spots shape
how we model the world and even the kinds of answers that seem sensible to us.

Our evolutionary history did not prepare us to see, grasp and mentally model
the size and nature of the universe, the speed of light, climate systems, global finan-
cial markets, the tangled networks of neurons that produce consciousness, and huge
timescales. Only in recent history have we learned tomake discoveries and stretch our
understanding beyondwhat our eyes can see or our intuition can handle: by inventing
powerful new tools and methods.(82) With our evolved mind, we gather information
through our vision and senses of temperature, weight, time and speed.(364) But our
remarkable tools push far beyond those limits of human eyes, ears,memory and imag-
ination. Science is mainly about identifying the blind spots in our perception and
reasoning by devising new methods that enable breaking through those current lim-
its. Each time we invent a more efficient detector, a faster algorithm or a more precise
sensor, we expand the scope of what we can discover. This is why science is deeply
human; it is a story of recognising our limits and refusing to accept them—with better
tools.

Our place and time

How does the time and place we live in affect what we can discover? We live in a
small corner of the universe, on earth, and even with our best space telescopes and
spectrographs, much of the universe is out of our reach. We also live in one moment
in history, in our current century, and we cannot run experiments or collect direct
evidence on the distant past. Instead, we must piece together parts of a puzzle and
extrapolate using the evidence we can get our hands on—from using space telescopes,
to extracting samples of ice cores, to studying ancient fossils with radiocarbon dating.
We cannot directly observe the Big Bang—we infer it from cosmic background radia-
tion and galaxies moving away from us.(148) We rely on indirect evidence and models
not only to study the birth of the universe but also the birth and evolution of life on
earth. We do the same to predict how antibiotic resistance may spread or how our
solar system may evolve in the future. Exploring the deep past or forecasting the far
future always hits the limits of evidence. Even trying to explore other nearby planets
or moons in our solar system faces enormous instrumental challenges that limit what
we can know—let alone the hope to collect rock samples from exoplanets one day.
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After all, every tool we use, experiment we run, observation wemake andmeasure-
ment we collect happens in a specific place and time.We test drugs in specificmedical
clinics, find fossils in particular geological sites, experiment on animals within local
ecosystems, and observe gravitational waves with detectors from earth. Where we are
in space and time constrains the evidence we can collect and the discoveries we can
make aboutmost of the universe andmost of the past. Discovery is tied to the evidence
we can generate—here and now—with the current tools we have.(82)

When scientists develop theories about how life first formed, what dark matter
is, how the moon was created or how conscious experience evolved, they are going
beyond our niche of the world accessible to us with our tools. They hit the current
edges of scientific knowledge. We generally run into our current barriers to what we
can discover, the further we move away from our human domain: the farther we look
back in time, forward into the future, down into subatomic particles or out to vast cosmic
structures (Figure 10.2). Why? Because our evidence gets scarcer, more indirect and
less reliable as we move away from our familiar human scale.(82) When we study the
deeper past—in geology, cosmology, palaeontology and archaeology—we face con-
straints at the borders of science. We cannot experiment on dinosaurs or observe our
early solar system firsthand. Instead, we build models, extrapolate, cross-check evi-
dence from different fields and make our best inferences. Even so, we can often build
remarkably detailed explanations about the distant past.

We reach the current boundaries of science when it is no longer possible to gather
new evidence with today’s best tools—or reliably extrapolate from what we do know.
This is why it is so important to keep designing more sensitive detectors, faster DNA
sequencers, and more advanced computational models that can better spot patterns
we would otherwise miss. Computer models are key in helping us test and simulate
scenarios we cannot recreate in the lab or see firsthand, extending our reach beyond
the here and now. Yet when we study phenomena with greater complexity, or with
more depth at the micro or macro level, the present limits of science are generally
shaped by human limits—our method-making and cognitive limits. Yet when we
study further back or forward in time, the present borders of science are also shaped
by it getting more difficult to access data. Ultimately, where and when we gather data
with our methods—our present vantage point on earth—shapes the parameters and
content of our evidence and the discoveries we can reveal.(82) Yet scanning science’s
major discoveries we find that most breakthroughs come from what we can currently
study—offering more reliable evidence: from chemical elements, matter, physical forces
and the climate, to molecules, our genes, the brain, disease and immunity, to our social
and economic systems.

Human perspective

Our human perspective on the world—as the biological animals we are—also shapes
what questions and goals we pursue, as we use our methods and our mind to do sci-
ence. Just by being human and members of our species, do we naturally direct more
attention to problems that matter to us than others? Indeed, we focus most on the
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parts of the world that influence our survival and interests—the niche where our
species evolved and lives today. Nearly all scientists study aspects of the world that
affect our needs andwants: human health, human technology, human society, human
behaviour and the everyday challenges we face.

We do not just choose certain questions—we also build tools, run experiments and
design theories that fit our human way of thinking and sensing. Our instruments
extend and reflect the evolved limits of our senses and mind—like building x-ray
devices and radar telescopes to see through soft tissue and through clouds, rather
than something we did not evolve to detect at all. They are essentially enhanced
‘vision’. We are constrained not just by our sensory limits but by how our cogni-
tive architecture makes sense of information—and even the kinds of answers that
seem reasonable to us (Chapter 9). Discoveries we make are shaped not only by our
human needs but also by our human lens and choices. Even advanced AI systems
are trained on human-labelled data—generated by humans—reflecting our choices
of what is important to us and what is not. So the boundaries of science are not just
out there in the universe—they are also inside us and our tools.

The world’s largest science funding agencies—like the European Commission
and National Science Foundation—generally require scientists to explain how their
research will help society before they fund it. Most science funding worldwide is
spent on studying human beings. Over half of all public research funding in the
United States—at 52%—is allocated tomedicine, health, life sciences and psychology.
The remaining share goes to all other fields—from engineering and physical sciences
to social sciences, environmental science and computer science—that often aim to
improve human life in some way.(365) So why do tens of thousands of scientists focus
on explaining and predicting illnesses, pandemics, mental health, population dynam-
ics, financial markets, our behaviour and the weather but only a few scientists study
dark energy of the universe, deep-sea creatures and insectminds? Because some ques-
tions have a direct impact on our lives, while others seem far removed—unless the
questions can eventually help us. We humans are always our own point of reference.
When we research in biology, medicine, psychology, economics or social science, it
is typically to make our lives longer, healthier or easier—not to improve life for all
plants and animals on earth, unless there is a benefit for us. Ultimately, we explore
the world through our human lens—our anthropocentric filter that shapes what dis-
coveries we pursue and valuemost. Yet this is not necessarily a drawback—our human
focus has driven extraordinary advances in medicine, technology and understanding
of our planet and society.

Social context

The size and diversity of our scientific community—along with the resources it has
available—foster research at the frontier. A larger, more varied scientific community
means more chances to develop more tools and accumulate more knowledge. No
single person can invent on their own a complex method (from advanced statistics
to randomised controlled trials), develop an entire field (from molecular biology to
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nuclear physics) or create a complex theory (from quantum theory to a theory of the
origins of life).(82)

Strategic labs can have vast spillover effects on scientific progress. Think of the
Cavendish Lab and Bell Labs—the two most productive methods labs and incuba-
tors in history. Inventing an array of powerful tools, these two methods labs sparked
an explosion of discoveries—even though they were not founded to innovate tools
(Chapter 6).

We foster cutting-edge research through economies of scale, reward systems, sci-
ence policy and targeted funding.(6,7,366–368) Yet when academic careers often depend
on short-term publishing metrics, scientists may avoid riskier, long-horizon research
that can lead to the biggest breakthroughs. Some reward systems can help moti-
vate scientists. Giving priority to the first person or team to publish new findings or
develop a newmethod creates competition. This winner-takes-all system incentivises
innovation.(6,95,367,368) The race to sequence the human genome was for example
accelerated by competition between public and private teams.(113) Public institutions
also help plan and finance frontier research, and shape part of science’s direction by
steering more resources to some big questions.(369) Governments set research priori-
ties that fund at times space telescopes or fundamental physics experiments. They can
support such research areas that may not pay off for decades. So for some fields and
questions, our constraints can also be influenced by funding in basic research or cost-
intensive research.(3,6) But it is important to stress that hundreds of major discoveries
come from low-cost methods and tools: statistical and mathematical methods, light
microscopes, electrophoresis, thermometers, chromatography methods, centrifuges
and the PCRmethod (Chapter 6). Yet science is not method-neutral: researchers and
institutions can be slow to adopt new methods, because of inertia with older, familiar
methods (Chapter 1).

Ultimately, these five factors come together to determine our scope and boundaries
of what science we currently explore. Our methods and tools are the common thread
underlying each of these factors—uniquely able to both limit and expand the frontiers
of discovery more so than other factors can. Here we see how our toolbox sets and
extends—in an iterative cycle—what we are able to see, measure and discover at the
edge of science (as mapped out in Figure 10.2).

All in all, what we discover—and what we even can discover—is always shaped
by the power of our current tools, along with our mind and senses. But it is also
influenced—varying by discovery and context—by our history, society, economy and
human lens. To push past today’s barriers to scientific progress, we need new tools that
overcome our technical limits but also our cognitive and human constraints that can
slow us down—or hold us back.

Beyond our extraordinary methods and what our mind is methodologically capa-
ble of developing, we have no otherway to explore and discover the unknown. Science
and its current limits move in a loop that begins and ends with our tools and meth-
ods. But we keep redrawing the edges of that loop through innovative toolmaking
that stretches what is possible. To understand the borders of science we have to
recognise that science is done by humans—andwe facemethodological and cognitive
bottlenecks that draw our present boundaries.
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Yet with new tools, we keep breaking through the frontier of discovery. Alone
in the past few decades, nobel-prize breakthroughs in genetics, molecular biology
and astronomy have rewritten what we thought was possible, but also in quantum
physics and climate modelling. The pattern shows multiple breakthroughs clustered
in fields where new tools enabled unprecedented observations—from the molecular
scale (gene editing tools) to the cosmic scale (space telescopes) to the quantum scale
(particle accelerators and quantum computers). We have made many major recent
discoveries across fields—as shown in Figure 10.3 (even though it takes 21 years on
average from discovery to Nobel prize recognition).
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Figure 10.3 The expanding boundaries of science: discoveries since 1990
The data reflect major discoveries made since 1990—based on science’s over 750 major discoveries.

How the current boundaries of our toolbox shape the current
boundaries of science

So,where exactly dowe reach the present borders ofwhatwe canobserve, test and ver-
ify in the world? Our toolbox sets—at any given point—the current borders of what
parts of the world we are able to get into contact with, and those still out of reach.
Unlike any other species, we develop complex tools to uncover invisible chemical
compounds, microbial life in our biosphere and infrared light. It is only by invent-
ing tools that we—with our limited human senses—can reveal neurons firing in our
brains and electrons inside atoms. Before the discovery of the human genome or ele-
mentary particles, these mysteries lay outside the periphery of science—invisible and
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inaccessible. But we redrew the borders of biology and physics with breakthrough
methods like gene sequencing and particle accelerators—that detected and decoded
them. Our scientific boundaries flexibly evolve as we extend our toolbox.

But our tools do not work equally well everywhere. As wemove into the realm of the
tiniest particles, or the largest structures, or the most complex ecosystems, or the furthest
distant stars, or the future of our species and human societies, our tools and methods
start to strain and are not as powerful. That is where our evidence and theories are
not as reliable (Figure 10.2). Here we place our toolbox at the foundation of science
and how we evaluate science: if we cannot test and verify evidence and theories using
our toolbox, then they cannot be reliable—and remain uncertain. This is why sci-
ence’s core evaluation criteria—testability, verifiability and reliability—fundamentally
depend on what our current tools can measure and reveal, and what they cannot. In
short: what is—and is not—reliable depends on whether our current evidence and
theories involve phenomena that are not yet observable and so not yet verifiable and
reliable using our toolbox. So arewe getting closer to hitting awall in somefields, from
theoretical physics and theoretical economics to philosophy of science? Indeed, most
of their foundational questions remain unresolved. Progress in science has generally
stagnated when progress in methods has stagnated—often independent of funding,
researchers and imagination. Such fields plateauwhen they lack new appliedmethods
to see, explore, measure, test and imagine in new ways. Research that largely, or only,
relies on abstraction and imagination is most likely to stagnate without real evidence
(Chapter 6).

What about the limits of mathematics? It has been hailed as a universal language
of nature—especially by physicists. Equations describe planets orbiting stars, and
electrons moving around nuclei. But mathematics cannot capture many aspects of
nature, when we move from predictable physics to dynamic, living systems. From
tropical forests and biological systems to brains and societies, simple equations break
down. Ecosystems and human behaviour are highly dynamic, and chaotic systems
like weather or stock markets involve endless interacting variables—variables that
we cannot control or predict well. Mathematical models can come at a cost: simpli-
fied, ideal conditions of a complex world. Statistical and computational methods help
manage and model complexity. Machine learning methods can bridge some gaps by
detecting patterns hidden deep in complex systems that othermethods cannot—from
diagnosing cancer using medical images to predicting protein shapes.(90) But even
these powerful methods cannot always provide exact answers.

Consider a thought experiment: imagine what science might look like if we were
beings with optimal cognitive architecture—not limited by our specific human niche?
We would have a remarkable capacity to quickly process millions of observations—
without cutting-edge computers and statistical methods. We would have astonishing
eyesight to see through atoms and across galaxies—without advanced microscopes,
telescopes and spectrometers. We would have an incredible memory of everything
we have observed—without immense datasets. We would understand and predict
the world with remarkable accuracy—transcending our human lens. Yet because we
are a product of specific evolutionary adaptations within our niche, we do not have
these superhuman capacities. But the extraordinary tools we invent do have these
capacities—by stretching our evolved mind and senses in ways unimaginable before
them.
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Conclusion

The tool inventions we have made so far largely determine what we have discovered,
what we can discover andwhat we cannot yet discover without better tools. This pow-
erful principle of tool innovation flips howwe think about science’s limits: it is not just
about mysteries or unanswered questions ‘out there’ in the universe, it is about tack-
ling the actual roadblocks built into our current tools to explore it. It is about shifting
the focus from the big puzzles to overcoming our tools’ blind spots, resolution limits
and design challenges—that have uncovered science’s biggest puzzles so far. Because
each of science’s major breakthroughs has meant breaking the bottlenecks of what
our instruments could detect or measure—whether it is mapping DNA or spotting
distant galaxies.

We can only extend our frontiers to the parts of reality that our tools open up and
let us see. Yet our mind and senses but also our time in history, human lens and insti-
tutions also influence where we look and what we explore. But the key limit across all
fields is what our methods and tools—from MRI devices to quantum sensors—can
actually measure, test and reveal. Across fields, our toolbox is largely what redraws
and redefines the outer borders of discovery—more so than other factors can. Our
toolbox is the foundations and limits of science: setting what and how we can see,
experiment and understand in the world.

A key insight emerges here: if we want to understand the bounds of science and
tackle them, we have to understand what our tools enable us to observe, test and
verify—and what they currently do not enable us to do. The history of science is a
history about all the ways we transcended the limits imposed by evolution and by the
current tools we designed up to now. It is a history of building instruments that reach
farther, see further, think faster and imagine deeper than nature alone ever enabled
us to. Just as the limits of an engineer’s tools largely define what we can and cannot
build, the limits of a scientist’s tools largely define what we can and cannot discover.
Ultimately, science thrives on its limits and the exciting challenge of finding ways to
push through them.

Breaking the frontier means leveraging new methods—while everyday science
means using conventionalmethods. So recognising the limits of science is not a weak-
ness, it is the first step to breaking through the uncovered limits—the topic in the next
and final chapter. Ultimately, every generation faces the same challenge: do we accept
the current boundaries of what we can know and discover? Or do we create new tools
and tool combinations—physical, digital, experimental—that continually expand the
horizon of the unknown?
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Pushing the limits of science

How we accelerate new discoveries by extending
our powerful toolbox

Summary

Science is a quest to push the boundaries of what we know and reveal funda-
mental mysteries of the universe, matter, human life and the mind. But how we
break and redefine the limits of science is not with conventional methods that
produce conventional research—it is with new tools that enable new discoveries.
Inventing tools with cutting-edge innovations—sharper resolving power, greater
computational strength, more statistical power, greater acceleration, more precise
measurement—continually break the boundaries at the frontier. From developing
the gene-editing method CRISPR to rewrite genes, to creating quantum comput-
ers to solve problemswe otherwise could never do, to harnessingmachine learning
methods to uncover hidden patterns in massive datasets, the power of our tools is
enormous. Creating a new generation of toolmakers is one of the single best ways to
invest our time in the future of science. So how do we actually push our limits and
accelerate discoveries? To break new ground in any field, we generally first have
to spot where our tools run into bottlenecks—and tackle them. It is about ampli-
fying our ability to see, measure and theorise about the world with better lenses.
Whether better fighting climate changewith cutting-edge carbon-capturemethods
or better mapping the brain’s complexity with more advanced neuroimaging and
AI analysis, our progress depends on constantly pushing our tools’ boundaries.
Here we map out the steps we need to take to expand the top ten most influen-
tial discovery tools—from x-ray devices to statistical methods. Researchers best
equipped at the edge of science are those who can best see the gaps in our tools
and what we know—and test new ones to fill these gaps. This principle—that new
tools are the engine of discovery—can be widely applied across science. We also
explore deeper questions here: are there fundamental limits to what we can dis-
cover in some domains? And what can the future of science look like—and how
can we power it with new tools, including AI tools?

Overview

Breaking the limits of science largely relies on a simple but powerful principle: break-
ing the current limits of our best tools and methods. Tackling real bottlenecks facing
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our tools may not seem exciting at first glance. But it is exactly the cutting-edge
research that unlocks new ways to see, measure and uncover the world that are not
possible without them. It is about sharpening lasers’ focus and tuning, overcoming
electron microscopes’ depth and clarity constraints, and resolving chromatogra-
phy’s resolution and flow bottlenecks.(370–372) It means pushing past electrophoresis’
size-separation limits, addressing statistics’ sample size, scale and power challenges,
and exceeding centrifuges’ separation and speed thresholds.(234,373,374) It is about
penetrating x-ray imaging’s depth and timing barriers, surpassing spectroscopes’
resolution and sensitivity boundaries, and bypassing spectrometers’ mass accuracy
and range restrictions.(375,376) It involves boosting advanced thermometers’ accuracy
and sensitivity, solving space telescopes’ sharpness and light-gathering obstacles, and
expanding particle accelerators’ energy and brightness ceilings.(377,378) It depends on
tackling particle detectors’ spatial resolution and noise limits, pushing beyond PCR’s
sensitivity and mixing barriers, and so much more.(127)

It is this cutting-edge research that opens extraordinary new lenses to theworld that
would catalyse more discoveries than other strategies we have. Each major upgrade
has unlocked discoveries that were impossible before—from detecting thousands of
exoplanets with more precise spectrometers to decoding entire genomes with more
advanced DNA sequencing methods. Each major invention—a better sensor, a faster
sequencer, a deeper imager—redraws the map of what science can explore, imagine
and understand. This is the core of a new way of thinking about discovery: a build-
to-discover strategy. With the new methods-driven discovery theory, we can make an
important prediction: developing new methods and tools would be the key catalyser
for new discoveries across fields. The best way to predict the pace of new discoveries
is commonly looking at the pace at which we scale up, recombine and reinvent our
tools—and where and when we do so. After all, waiting for serendipity or revising
theories is generallymore context-specific, and it is not aboutmore funding but better
targeting existing funding and researchers towards tool development (Chapter 6).

It is crucial we begin directing much more energy to spotting and fixing the blind
spots in what our tools can do. When an experiment stalls or fails, we should turn
our attention to why and where the method hits a wall—and tackle the bottleneck.
Think of better AI-assisted microscopes that not only image but diagnose disease,
make predictions or flag anomalies. Think of better sequencing methods that decode
entire genomes in minutes.

While science’s tools are currently still made in a surprisingly scattered and impro-
vised way by individual researchers and teams, a number of remarkable innovations
in methods have been made in recent years. Take biology and chemistry that keep
pushing their borders. Click chemistry, invented in 2001 by Barry Sharpless and
Morten Meldal and—along with Carolyn Bertozzi—awarded the Nobel prize in
2022, lets scientists click (snap) molecular building blocks together like Lego pieces.
This vastly simplifies making complex molecules and has been called ‘lego chem-
istry’. At Scripps Research in California, Sharpless discovered it by building on new
methods including hydroxylation methods he invented. With this new technology,
scientists can now design cancer drugs and advanced industrial materials more effi-
ciently than ever.(379) Take the mapping of ribosomes that was completed by the
Indian-born Venkatraman Ramakrishnan and his colleagues in 2000 using sharper
electron-density maps and x-ray crystallography to reveal its structure. The discovery
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opened the door to producing entirely new antibiotics to fight bacterial infections we
face. The gene-editing method CRISPR was discovered by Emmanuelle Charpentier
and Jennifer Doudna in 2012 leveraging a powerful new differential RNA sequencing
technique. Used today by labs around the world, this method revamped the life sci-
ences, our ability to alter the DNA of plants and animals and drastically advance the
fight of cancer.(114)

The Neandertal genome was sequenced by Svante Pääbo and his colleagues in
2010—and was awarded the Nobel in 2022. This fascinating breakthrough relied on
applying new specialised sequencing methods they developed the previous year to
deal with the degraded ancient DNA.(218,380) In the landmark article published in
Science, A draft sequence of the Neandertal genome, Pääbo shined new light on our
human origins: humans in Eurasia carry about 2–4% Neandertal DNA. Neander-
tals were more closely related to present-day Europeans and Asians than present-day
Africans.(218) The finding changed how we understand human origins.

Take also physics that keeps pushing through the outer edges of science. A super-
massive object at the centre of our galaxy—orbited by stars—was discovered in 2002.
This extraordinary observation was sparked using the Very Large Telescope built on
a mountain in Chile and the Keck Observatory on a mountain in Hawaii—coupled
with a powerful new adaptive optics spectrometer. It redefined our understanding of
our galaxy and our place in it.(381) And in 2015, gravitational waves were detected
using a more sensitive laser interferometer.(115)

Each of these breakthrough discoveries pushed a field’s boundaries—and won a
Nobel prize. Yet researchers have not yet explained how we actually push the bound-
aries of science.(346,350–353,355,358,362) Throughout this book, we have been explaining
how new discoveries are preceded by tool innovations that enable a leap in the waywe
see and measure—and are the factor we can most actively shape. Such tool-powered
discovery pushes us to think of scientists not just as question-askers or experimenters,
but as extraordinary toolmakers who build the very means to ask and answer bigger
questions.

Yet as science makes remarkable progress, there are in each generation those who
think we essentially already solved the big mysteries. Newton revealed the laws of
motion and gravitational force andMaxwell uncovered the nature of electricity, mag-
netism and light. Mendeleev put the elementary pieces of the periodic table together
that make up the basis of chemistry. Darwin and Wallace provided evidence of evo-
lution as the reason why we see so many forms of life on earth—and as the driving
principle of biology. Smith described the forces behind the Wealth of Nations and
the invisible hand of markets: the division of labour, freedom of trade and pursuit
of personal interest that can drive societal benefit. These breakthroughs laid the early
foundation of physics, chemistry, biology and economics, andmany believed that the
big questions in these fields were basically settled.

At the end of the 1800s, the laws of motion, gravity, electromagnetism, energy con-
servation and thermodynamics seemed to explain the entire physical world. Physics
looked like it had uncovered all the principles that hold physical reality together. In
1900, Lord Kelvin—one of the most renowned physicists at the time—allegedly said
at a meeting at the British Association of Science: ‘There is nothing new to be discov-
ered in physics now. All that remains ismore andmore precisemeasurement’. But then
came the vast breakthroughs of relativity and quantummechanics at the beginning of
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the 1900s. They revealed that major pieces of the puzzle explaining physical reality on
both the largest and smallest scales were missing. Special relativity introduced a dif-
ferent concept of time and space,(253) while quantum theory revealed a probabilistic,
counterintuitive world where particles can act like waves, and outcomes are uncer-
tain until measured.(53,160) These breakthroughs did not add details, they drastically
transformed physics. They gave rise to one of the biggest unsolved puzzles: can quan-
tum theory, the physics of the very small, be unified with relativity theory, the physics
of the very large? We still do not know how to tie the two into one framework.(346)
String theory is an attempt, but no answer has emerged yet.

Many scientists in each generation think we have run into a wall, with only fine-
tuning left to do. But history, again and again, shows they are wrong. Every time
we think we have hit the limits or are closer to ‘completion’, new surprising instru-
ments and experimental findings unveil new mysteries—and hidden layers of reality
we never imagined. From the JamesWebb Space Telescope that spots ancient galaxies
to cutting-edge particle accelerators that probe the building blocks of matter.

Redrawing the edges of science by reinventing our toolbox

The future of science is not just about finding answers to questions we already
know to ask—questions about life and the universe that current theories may raise.
The history of science shows that it commonly depends even more on uncovering
entirely new, fundamental questions and answers that largely new tools reveal—and
we did not yet even imagine asking. New tools discover new questions: the micro-
scope made it possible to discover cells and bacteria and ask fundamental questions
about what they and life are actually made of.(149) The telescope raised transformative
questions about the structure of the universe, the motion of planets and the exis-
tence of galaxies beyond our own.(140) X-ray imaging allowed us to look inside the
body without surgery and led to entirely new questions about internal anatomy and
disease diagnosis.(118) The cathode ray tube (particle detector) enabled uncovering
the electron and triggered new questions about what matter and reality are made
of at the smallest scales, paving the way for particle physics.(194) Chromatography
enabled us to ask how complex mixtures can be separated and analysed, revolutionis-
ing chemistry, pharmacology and environmental science.(235) These inventions and
their discoveries provided new pillars for modern biology, astronomy, physics and
chemistry.

These major tools and methods reflect a large methodological leap and an entirely
new type of invention—not just an incremental upgrade or combination of tools. Such
major leaps range widely beyond those tools: from the first thermometer and Geiger
counter, to the first electrophoresis method and the PCR method. These ground-
breaking inventions—each sparking multiple discoveries—emerged primarily from
practical experimentation rather than a guiding theory. They were born from itera-
tive trial and error rather than theoretical prediction—as we explored in Chapter 6.
They demonstrate how practical innovation can precede theoretical understanding,
with explanations often developing after the tools reveal what we did not even know
we needed to explain.
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This brings us back to the fourmain forces driving tool innovation—and so driving
discovery itself—that we uncovered examining science’s over 750 major discoveries:

• We invent entirely new tools—from the first telescope to the PCR method.
• We upgrade tools in new ways—from higher-resolution telescopes to faster DNA

sequencing tools.
• We combine tools in new ways—from MRI scanners coupled with advanced

statistical techniques, to CRISPR gene editing with machine learning methods.
• We adopt new tools from other fields—using the RCT method from medicine in

economics, or machine learning methods from computer science in everything
from chemistry to climate modelling (Chapters 1 and 6).

We can think of these four innovation pathways like this: first come these large-
leap tools (first-wave tools)—like chromatography itself. Once invented, they can
be vastly improved into upgraded tools—like gas chromatography providing faster,
higher-resolution separations. They can be combined into hybrid tools—like liquid
chromatography-mass spectrometry that merges separation with precise molecular
identification. And they can also be adopted into other fields as transfer tools—like
chromatography moving from chemistry into biology and environmental science,
tracking everything from pollutants to DNA fragments. Large-leap and transfer
tools are first-generation innovations; upgraded and hybrid tools are second- and
later-generation innovations. This pattern—a big methodological leap followed by
layering invention on invention—is largely how science digs deeper, layer by layer,
into reality through entirely new ways of seeing, measuring and understanding that
are impossible without them. Today’s lower-hanging-fruit discoveries are easier to
reach by borrowing methods from other fields and recombining existing methods,
while upgrading and especially inventing methods can often demand more time and
resources.

Yet until now, we have not had a general understanding for how we systemati-
cally extend the frontiers of science.(346,350–353,355,358,362) We push back the goalposts
and bounds of science by upgrading our toolbox through these innovative pathways.
Other strategies—from scaling to automating tools—fall into one of these four cate-
gories. Ultimately, it is crucial to identify the blind spots, biases and assumptions built
into ourmethods—anddesignways to address them (aswemapped out inChapter 6).

Taking a step back, a crucial lesson emerges here. Most scientists generally focus
on experimental and theoretical research—often without thinking about how they
could improve and refine their ownmethods to reveal new kinds of findings. But that
is exactly the spark that pushes science into new terrain: finding ways to explore and
experiment in completely new ways. Yet at first glance, it can seem overwhelming to
imagine methods or tools better than the ones we rely on every day.

But the first step is simply to notice when our own tools fall short—or hit a wall. It
is when our x-ray experiments yield blurry images, our spectroscopes generate results
too noisy to interpret clearly, our statistical methods cannot decipher well patterns in
vast datasets, our computational power is not strong enough to simulate complex sys-
tems. Instead of seeing limitations, here we see where new innovations are needed.When
all researchers begin deliberately looking for gaps and limits in the very tools they
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themselves use, science will begin spotting vast opportunities to resolve them. It opens
opportunities to spark transformative innovations across science.Whatwe need is a shift
in mindset about tools and discovery: the key is recognising that the gaps and limits we
hit with our tools are far from failures or dead ends. They are the critical signposts show-
ing us exactly where to look, test and push forward. The imperfections are commonly the
best inspiration and roadmap we have for where to innovate next—where to repurpose,
scale up and optimise what we use to study the world. After all, our tools hit all kinds of
bottlenecks: from low precision in measurement and rare signals to slow processing
and limited resolution. The powerful principle here: each shows how close we are to
breaking new ground.

We looked at how science’s top ten most influential toolmakers worked exactly
this way (in Chapter 6). They put science’s fixation on chasing answers aside, they
instead pursued what existing tools could not handle and filled the gaps—and ended
up sparking an enormous cascade of discoveries across fields, arguablymore than any
other researchers. We already unpacked the question of how we innovate new tools
(Figure 6.6); but here we come back to this core question from a different angle: laying
out concrete examples of where science’s most used methods and tools hit walls that
hold back progress. We first map out the method-driven process of how we expand
the boundaries of scientific fields (see Figure 11.1).(82)

To expand our
scientific boundaries we
often need to address a
fundamental problem

or question –

set the challenge 

Identify the constraint
of a method or tool;
and at times also a
cognitive or social
constraint to tackle

the problem

Develop a new
method or tool,

or improve or combine
existing ones to tackle

the constraint, or
adopt a new tool from 

another field

Discovery
(sparked by the new
tool that enables a

previously inaccessible
finding)

Figure 11.1 General steps to push the boundaries of science

So exploring science’s top ten most used discovery tools, what do these instru-
ments exactly let us do—and what barriers have they broken through? And crucially,
what limits currently hold them back that we need to tackle to spur future dis-
coveries? Each major tool extends what we can know, but also faces limits that
define the edge of what we can know. Take the spectrograph—first built in 1859
by Gustav Kirchhoff and Robert Bunsen at the University of Heidelberg. Sud-
denly, we could see the hidden structures of atoms and molecules and the chemical
makeup of distant planets and stars. This remarkable new instrument detected wave-
lengths of electromagnetic radiation we had no way to access before. It redefined
the edge of astronomy and chemistry. Kirchhoff, a young professor from Königs-
berg Prussia, was even described ‘as Bunsen’s greatest discovery’ because the tool
transformed their entire field.(347) But today, our best spectrometers again hit limits—
from sensitivity that cannot detect faint, distant signals, to computational limits
and software that struggle to process large data streams from space telescopes. We
need to design more sensitive detectors to capture those weaker signals, better algo-
rithms to analyse the flood of data and faster ways to process them without missing
details.(376,382)

This same pattern shows up everywhere; take the electron microscope. Ernst
Ruska, the inventor, said: ‘The light microscope opened the first gate to the
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microcosm. The electronmicroscope opened the second gate to themicrocosm.What
will we find opening the third gate?’ Can quantum microscopy be the next key to
opening up another layer of reality through even higher resolution? To get there, we
have to overcome its current challenges—from electron damage to samples, to slow
imaging times.(371) From supercomputers that struggle with processing power limits
when modelling earth’s complex climate, to MRI scanners that struggle with blurred
motion in living patients, our tools all hit walls. Everywhere we look we find these
bottlenecks waiting to be tackled, in each method we use—unlocking the next unex-
pected findings. Often themost important questionwe can ask ourselves to break new
ground is: how can we better spot and tackle the bottlenecks facing our own tools?
And the bottlenecks facing science’s most influential discovery tools? That is the heart
of much of how we push the current edges of science: not just running experiments
and coming upwith theories to explainwhat our existing tools reveal, but building the
next generation of tools that let us see and imagine in entirely new ways. So while we
have zoomed out and uncovered the broad patterns linking science’s powerful tools
to its biggest discoveries, here we zoom in further on science’s top ten breakthrough
tools (Table 11.1).

Spotting the bottlenecks in how we do science is crucial because we cannot design
a better tool that aims to fix a bottleneck we are not yet fully aware of. That is why
it is so important to continually scan for blind spots in how we observe, measure or
understand the world—and then identify what is exactly blocking them.

Redrawing the edges of science depends largely on breaking those bottlenecks. Let
us return here to randomised controlled trials. Until we created the RCT method in
themid-1900s, we were limited in our ability to prove—and at times even think rigor-
ously about—what causedmany diseases and how to treat them.Many lives were lost.
Doctors often relied on observational comparisons that were more prone to bias. But
with RCTs, we were finally able to systematically test how effective treatments actually
are and better explain diseases. Like many methods, the RCT method is the outcome
of continual reworking and many cumulative method refinements over time. It was
built layer by layer—adding randomisation techniques to control for hidden variables,
blinding techniques to reduce observer bias, placebos to handle patients’ expectation
effects.(234) The RCT’s experimental design is a masterpiece, able to reduce uncer-
tainty to provide life-saving evidence. It is an extraordinary example of howwe create
and upgrade methods to push past our limits. To understand phenomena from how
our brains work to the origins of life and the universe, we rely on this kind of method
scaffolding: experimenting with and reimagining our tools so they can take us further.

Yet it is not just about inventing new tools that can see and measure better—it is
also about how reliable our evidence and theories are using our tools. That means we
have to constantly test, validate and fine-tune our tools. They must be calibrated and
their errors corrected. Medical imaging scanners for example need to be regularly
calibrated to avoid misdiagnosis. Gravitational wave detectors demand astonishing
precision to filter out faint ground vibrations and local noise.(115,138) AI models have
to be checked for hidden biases or flaws in their training data.(263) Ultimately, the
power of our tools comes not just from cutting-edge design, but from meticulously
ensuring that they deliver the most reliable results.



Table 11.1 Developing new methods and tools drives science by reducing our constraints: the ten central tools used most to trigger discoveries

Method or tool

Laser

Electron
microscope

Chromatography

Electrophoresis

Statistics
(modern)

developed
Year first

1960

1933

1931

1930

1925

Human constraints
(that the tool reduces)

Our inability to produce coherent
light, make ultrafast measurements
of distance and speed, and rapidly
transmit large volumes of
information

Our limited vision to magnify and
perceive miniscule objects using
visible light, and the constraints of
optical microscopes and limited
resolution

Our constraints in separating and
analysing chemical substances in a
mixture

Our limited capacity to separate
and identify molecules by size and
electrical charge

Our limited mental capacity to
process large volumes of data, and
complex relationships between
variables

What the tool enables us to study
or explain (that would be
impossible without it)

Study ultrafast interactions in
matter, molecular structures,
phenomena in deep space, and
measure ultrashort time scales;
develop fibre optics and laser
surgery

Observe nanoparticles,
electrochemical reactions,
microorganisms, crystals and
molecules—by using the shorter
wavelength of electrons

Analyse simple or complex
mixtures containing vitamins,
proteins and amino acids; isolate
and purify natural compounds

Separate and analyse biological
molecules like DNA, RNA and
proteins—vital for biomedical
research and forensic science

Study millions of data points across

phenomena—from disease
all fields, and more complex

dynamics in populations and
astronomical objects, to cells and
the global economy

Current constraints of  the tool
(that we need to overcome to push our
scientific frontiers further)

brightness of  high-power diode lasers,
Limits in power, efficiency and

and thermal constraints in solid-state
lasers(370)

Resolution limitations, challenges in
observing living cells, sample size
restrictions, and damage to samples
from the electron beam(371)

No universal detector in
high-performance liquid
chromatography,(383) low detection

with substances not volatile enough to
limits at high resolution, difficulties

separate(372)

Challenges in analysing highly
complex mixtures; heating blurs the
resolution, and limited capacity for
large-scale applications(373)

Constraints in sample size, scale and
power; limited to studying phenomena
we can represent statistically,
constraints in the complexity of what
we can model, and potential
measurement error and sampling
bias(234)

continued



Table 11.1 continued

Method or tool Current constraints of  the tool
(that we need to overcome to push our
scientific frontiers further)

Centrifuge

X-ray
diffraction/
crystallography

Spectrograph/
spectrometer

Reducing such
constraints will
enable us to explore
new phenomena and
trigger new advances

Thermometer

Telescope

developed
Year first

1924

1912

1859

1714

1608

Human constraints
(that the tool reduces)

Our inability to spin samples at
ultrahigh speeds (greater than
20,000 rpm) to separate particles
by density

Our limited capacity to visualise
the atomic structures of matter
because of short wavelengths

Our limited senses to detect and
analyse electromagnetic radiation
across wavelengths beyond the
visible spectrum

Our limitations in precisely
perceiving and measuring
variations in hot and cold
temperature

Our limited vision to magnify and
perceive distant objects, detect
different regions of the
electromagnetic spectrum

What the tool enables us to study
or explain (that would be
impossible without it)

Separate small biological particles
like cells, viruses and nucleic acids
from fluids

Analyse the atomic and molecular
structure of matter like proteins
and nucleic acids; and detect bone
fractures, pneumonia and certain
cancers

Study structures of atoms and
molecules, determine the chemical
makeup of planets and stars, and
electron arrangements of elements
in different energy states

Measure climate temperatures,
surface temperatures in natural and
industrial environments, and body
temperature in health

Observe exoplanets, stars,
sunspots, galaxies, nebulae and
other astronomical objects across
multiple wavelengths

Limits on the volume of material we
can process,(384) risks of
cross-contamination between
separated parts(385) and damage to
samples from high-speed rotation(374)

Low intensity of x-rays for light atoms,
difficulties to analyse crystal growth in
real-time;(386) and overlapping signals
in some diffraction patterns (x-ray
powder diffraction)(375)

Low sensitivity such as in NMR;
often require coupling with methods

(376)

like chromatography to probe complex
samples (as in mass spectrometers);
and face computational limits in
interpreting spectral data(382)

Constraints in accurately measuring
extreme temperatures, especially below
−100°C and above +300°C, and issues
of calibration and sensitivity(377)

Blurred resolution from the Earth’s
surface caused by atmospheric
disturbance; and space telescopes also
face size and resolution limits(378)

These are the ten methods and tools most often used to make science’s 761 major discoveries, including all nobel-prize and major non-nobel discoveries. The year marks when
the method or tool was first developed—though all have been vastly improved since. The final column highlights some of their current limitations that need to be tackled.
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It can seem odd to ask: how can we optimise not just our methods but also our
own mind and senses? But it is precisely what we need to answer to invent sharper
lenses, better sensors and more powerful processors—to stretch what we can under-
stand. Which bottlenecks are currently holding us back? Which ones have we not
noticed yet? These questions point us toward entirely unexplored frontiers. By spot-
ting gaps in what our tools can do and relentlessly testing and improving them, we
open the door to discoveries we cannot yet imagine. The speed at which we develop
ever more sophisticated computational, statistical and experimental methods will
be a key catalyst in accelerating science and discovery—in a cumulative loop. Yet
many puzzles exist where we have not yet beat the current limits of our tools. Think
about how neuroscientists try to map the tangled connections of the brain, or epi-
demiologists attempt to track vast global health trends over time with precision. Or
geneticists struggle with enormous genomic datasets using big data methods and net-
work analysis—they findmuch noise and at times can introduce asmuch noise as they
aim to tackle. Pushing past our current barriers especially in computational power,
machine learning, big data methods, etc. is likely to spur new frontier research—from
medicine to astrophysics.

So what innovative, new methods can we design? Recent breakthroughs in quan-
tumcomputing,machine learning, advanced sensors, neuroimaging, brain-computer
interfaces, CRISPR, cryo-electron microscopes and so on offer a hint of what is pos-
sible. It is possible if the scientific community as a whole were to begin focussing on
refining our tools to think and see in currently unimaginableways—as those new tools
enable us to.

We could create ever more powerful biosensors that detect more diseases even ear-
lier and more accurately—before symptoms appear. We could design more advanced
microscopes that reveal the inner workings of living cells in real time at higher resolu-
tion.We could runmassive online studies with thousands of researchers collaborating
in real time, continually improving a study without a preset outcome (like an evolv-
ing online encyclopaedia). In such studies, replication and peer reviewwould be built
into the research design.(274)

Up to this point, we have been describing where science can take us and where it
hits a wall—and we now outline how we break those boundaries:

Pushing the current limits of science is a cycle—the closer we get to the bound-
aries of discovery, the fewer tools and methods we often have available, such as
electron microscopes and statistical simulations that are just not powerful enough.
Here we commonly have to spot the bottlenecks holding our tools back and come
up with ways to break them. Once we invent, upgrade, combine or adopt new tools
of discovery—often by building on available ones—we unlock new ways to observe,
measure and understand the world that are impossible without them. That is how
we redraw the edges of science. And with each better tool or method in our hands,
the cycle begins again: we explore further, hit new barriers and develop new ways
to see and think past them. It is this continual loop of bottleneck and invention
that drives science forward—with the pace of progress more in our hands than we
realise.
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Ultimately, the engine of science is building better tools that stretch the limits of
what our current tools, minds and senses can do. Every time we sharpen how we see,
measure and test the world, we expand the universe of what we can know.

About everyday knowledge, Ludwig Wittgenstein once famously said, ‘the limits
of my language are the limits of my world’. But when it comes to science and dis-
covery, it is mainly the limits of our tools and methods that are the limits of our
world. We hit our scientific boundaries when we run into the boundaries of what
our best electron microscopes can resolve, when particle accelerators cannot reach
higher energies, when machine learning tools cannot spot hidden relationships in
noisy data. For our tools determine not just the experiments we have conducted so
far but also largely the theories we have developed so far. Yet in fields like theoret-
ical physics, some exceptional theoretical advances have involved larger conceptual
leaps—leaps from existing experimental findings and tools to theory—than in most
other fields (Chapter 6).

So here is the key insight: our understanding of the world only reaches as far as our
current toolbox allows. Beyond our toolbox, there is often not much more we can say
about the world. If we want to better solve mysteries like how consciousness arises,
what darkmatter ismade of, how to tackle Alzheimer’s andmany others we cannot yet
imagine, we need new tools. To expand the universe of possible questions we can even
ask, we need to build better tools: better quantum sensors that can detect unimagin-
ably tiny gravitational shifts, sharper cryo-electron microscopes that reveal proteins
at nearly atomic resolution, faster AI systems that can accurately analyse immense
genomic data in hours instead of years.

How artificial intelligence can be combined with our scientific
tools to accelerate science

AI can be a powerful tool in a scientist’s toolbox—amplifying how the world can be
explored and predicted. AI systems can help scientists streamline the research pro-
cess by automating repetitive, time-consuming tasks, making research faster and less
prone to some human errors. AI-powered search tools can filter through vast scientific
literature, extract information and spot trends across studies—from climate science
to genetics. While we can delegate our vision to advancedmicroscopes tomake better
observations, we can delegate our mind to AI systems to better spot patterns, make
better simulations and predictions and even can help design experiments—faster than
scientists can alone.(90,249,268)

How can scientists combine AI with other tools to help tackle our current barri-
ers? Coupling AI tools with high-resolution microscopes vastly improves imaging by
using deep learning to sharpen blurry images and detect patterns. This can accelerate
real-time disease diagnosis and provide guidance for surgeries. In astronomy, pairing
machine learning algorithms with telescopes enables sifting through vast and noisy
astronomical data to spot new exoplanets or classify supernovae by detecting subtle
patterns in the data.(90)
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Climate change is challenging to fully understand given its immense complex-
ity. Machine learning can simulate climate systems—interactions between the ocean,
atmosphere, ecosystems and human activity—more precisely by using enormous
amounts of recorded data. It can integrate climate models with detailed local weather
data to improve predictions about trends in rising sea levels, melting glaciers and
extreme weather. This offers policymakers detailed analysis of the local effects of cli-
mate change.(90) In drug discovery, AI algorithms can help recognise hidden patterns
in vast medical records and help speed up the search for new drugs by predicting
how they may work and what side effects they may cause. Advanced AI now helps
sharpen MRI and CT scans, making it easier to spot cancers early and detect signs
of Alzheimer’s. It helps in reducing some human diagnostic errors. By analysing
patient data, machine learning models can help detect relationships between dis-
eases, genes and drugs. This can help personalise and tailor medical treatments to
individual needs. A remarkable breakthrough has been achieved in understanding
proteins. To understand how proteins function in our body, we need to understand
their structure. Predicting their structure enables us to identify proteins that affect
diseases and so improve diagnosis and treatments. But establishing protein struc-
tures is difficult and time-intensive. The barriers of existing methods were broken
with the new powerful AI programme AlphaFold developed by Google DeepMind:
a programme that predicts protein structures with extremely high accuracy. It solved
the decades-old ‘protein folding problem’—and fuels drug discovery and advances
disease research.(90)

So combining AI and self-improving systems with other tools can optimise
research: increase speed, efficiency, scale, sensitivity and resolution. In short: AI
can improve how our best tools perform. It is becoming more integral to accel-
erating innovation in different domains—with large language models also help-
ing to mine vast research for hidden relationships. Building AI-enhanced scien-
tific tools could help spur breakthroughs we cannot yet imagine. We could create
ever more advanced lab systems that adapt and design their own experiments—
learning from their own results. Yet machine learning systems often work like
black boxes: making predictions without explaining how. They can also at times
amplify biases built into the data they use—their training data. That means human
judgement is essential. These systems and algorithms ultimately rely heavily on
humans to be designed, understand how they generate results and detect and avoid
errors.(90,249,341)

New approaches to designing methods and tools could emerge: a taxonomy of sci-
entific methods—mapped out in Chapter 6—could be linked to AI to help screen for
tools, suggest underused ones and help select new combinations ofmethods and tools
for both general and specific problems. In other words, we could design AI systems
in the future that do not just follow instructions but can learn and suggest new types
of experimental methods and tools that push us beyond the borders of what we can
currently imagine. In the future, we could also trainmachine learning programmes to
analyse data on newly developed methods and tools (such as newly published meth-
ods papers) and explore the domains and problems the newmethods and tools could
best be applied to in spurring breakthroughs.
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Are there set limits to human knowledge and what we can discover?

Since our mind’s capacities evolved mainly to survive and reproduce, do we face
ultimate limits to what we can know? Is there a ceiling on our understanding the
biggest puzzles—like the nature of life, consciousness and the universe? As innova-
tive toolmaking enables opening new layers of reality, the boundaries of discovery are
not preset. Instead, we have—method by method—pushed them back. Newmethods
of observing, measuring and experimenting—and new method combinations—have
continually expandedwhat was previously beyond our reach. Our biology, ourmind’s
constraints, our scientific institutions and the time and place we live influence the
parts of the world we can access. But they do not dictate the types of tools we can
come up with to tackle those very constraints.

The world has boundaries. Human life is short and finite. The speed of light is
fixed. Our planet’s natural resources are limited. But does that mean that science will
eventually hit a wall too? Our methods and mind do not seem bounded by clearly
defined limits—given the seemingly endless method combinations and our human
imagination (Chapter 6).

Yet science has settled some of our fundamental puzzles. We will not re-discover
the basis of biology (evolution and DNA’s double helix), the backbone of chemistry
(the elements that make up the periodic table) or the foundation of physics (rela-
tivity, quantum mechanics and the big bang). But we keep updating, expanding and
better measuring them as we improve our methods. While it is true that the neu-
tron, the DNA molecule, electron microscopy and CRISPR can only be discovered
once, these landmark breakthroughs opened entire fields of research that we keep
expanding today.

But some theoretical sciences may eventually slow down. Once major, successful
theories become established—as in physics—establishing other grand theories would
become less likely. In other words, continuously uncovering grand discoveries that lay
a new foundation for a major field would be unlikely. So we are unlikely to continu-
ally developing fundamental theories that govern the world. The theory of evolution
for example—underlying biology—is established with independent methods across
diverse fields. It is unlikely that a new foundational discovery will make the theory of
evolution obsolete. And that new methods and tools drive discoveries and push the
frontier is also unlikely to be completely replaced by a fundamentally new, unknown
driver of scientific progress—a new driver that does not rely on sharper microscopes,
more sensitive detectors and more powerful computation methods.

Developing vast new fields that parallel in importance to biology, chemistry and
physics is unlikely—just like we are not going to find an entirely new continent on
our planet. But we will keepmakingmajor discoveries and opening new fields—from
quantum biology tomachine learning.We are learning to look better inward and out-
ward at once unimaginable scales. At the frontier, breaking new ground unlocksmore
questions and mysteries, not fewer—in a seemingly endless loop.

What we know—at any moment—is largely determined by the tools we have built
so far. Our future knowledge will remain on those parts of the world that ourmethods
and technologies allow us to study. For some unknowns, we have not yet developed
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the right tools to uncover them—from dark matter to the nature of time. There are
also imaginables—things we can imagine but do not yet know how to develop the
needed tools and test them, like artificial consciousness or the possibility of finding
life on other planets (or even entirely other forms of doing science).

We humans are fascinated by foundational questions about distant origins, vast
complexity or fundamental structures. Yet are answers to such questions often beyond
what we can currently observe and test? Indeed, it is here where science often hits
walls and stops working—where we run into the boundaries of what we can discover.
A methodological border of science emerges: science can study what is subject to
observation, scientific methods and often quantification. This is why it is so difficult
to get our grips on the nature of knowledge, consciousness, time, morality, subjec-
tive experience, freewill, politics, love andmuchmore. Science also runs into barriers
when asking ‘why’ questions: why do we exist? Why did the universe begin? Why are
we conscious beings?

Even though our toolbox largely explains our current boundaries, it cannot tell us
everything about them. Our frontier also partly depends on what research areas and
instruments receive more policy attention, resources and public interest—from pub-
lic health and cancer research to renewable energy (Chapter 10). Ethical issues and
government decisions also partly influence some research questions: what research is
legal? Should we edit human embryos? How should AI be used in informing or mak-
ing medical diagnoses? Should we prohibit technologies and research that can foster
climate change? Ultimately, the edge of science looks different in each field—and new
fields keep emerging. Yet in the end, those aware of how new tools break open mys-
teries and those who get their hands on them will be the ones most likely to push the
frontier forward.

Inventing the future of science—with new tools

Exploring science’s future can help us better plan, innovate and anticipate it. But the
further we look ahead, the blurrier andmore uncertain things get—like our methods.
The key is that the combinations of methods we can create seem almost limitless, and
can open many new paths and fields to explore (Chapter 6). Science is an evolving,
flexible system because we do science using our flexible methods and elastic mind.
After all, our scientific methods—the ways we study the world—depend on creativity
and generate even greater creativity in science that does not exist in the observable
world itself.

As long as we live, we will keep investigating what affects our health, minds and
societies. We will need new cures for evolving viruses, diseases, cancers and pan-
demics, and new solutions for our changing human and social challenges. So fields
like medicine, biology, psychology and economics will keep growing. The same
goes for fields like agriculture, engineering, environmental research and computer
science—because they improve our lives and tackle the challenges we face. From new
forms of agriculture that are better adapted to extreme weather and climate change, to
green technology that replaces fossil fuels faster. In short, science that improves our



290 THE ENGINE OF SCIENTIFIC DISCOVERY

lives—applied science—will likely always grow and not run out of problems to solve.
In fact, it makes up most of science. So it does not seem that many parts of science
will ever become finite and complete. Just as it was not possible to predict CRISPR,
quantum computers, smartphones and the internet a hundred years ago, the same
applies to scientific and technological developments in the next hundred years. And
we will very likely look back at today’s breakthroughs as just the beginning.

So will we near the limits of science? The answer depends on the feature of science
we focus on: when it comes to method breakthroughs and experimental discoveries,
we will very likely keep growing—especially across applied science—while uncover-
ing entirely new fundamental theories and laws of nature will likely slow down. The
pace will vary from field to field. Yet it is clear that new methods and problems open
further methods and problems—in a cumulative loop. The future of science in any
field will fundamentally depend on the tools we come up with.

With the past centurymarked by exponential scientific progress, canwe keep grow-
ing as fast—or even faster? It seems very likely. But many earlier discoveries were
low-hanging fruit because they were relatively easier to uncover. Think of looking
through early telescopes to discover new planets andmoons, to using the JamesWebb
space telescope to estimate the age of the universe at about 14 billion years. Think of
early microscopes uncovering bacteria and blood cells, to using cryo-electron micro-
scopes tomap protein structures at extraordinary atomic resolution. Or think of early
x-rays methods revealing broken bones in the body, to using x-ray crystallography
to determine the detailed structure of DNA and viruses. Many future breakthroughs
will come from new method combinations—especially at the crossroads of different
fields. Others will need entirely new methods that at times can be somewhat more
challenging to invent.

At the research frontier, the future growth of science looks very promising for
three reasons. First, making new method innovations is still surprisingly not yet
coordinated in a strategic way across science—but these scattered breakthroughs
consistently trigger new pathbreaking findings. There is an enormous untapped
potential of new tool combinations that are almost seemingly endless and within our
reach (Chapter 6). Second, the pace of major new discoveries and fields emerging
and expanding does not seem to be slowing. From CRISPR gene editing, machine
learning, quantum computing and environmental engineering, to nanotechnology,
computational chemistry, quantum biology and even the science of science. Third,
the past highlights that those in each generation who think we are nearing our limits
have been incorrect. The real limit is largely how fast we can upgrade our toolbox.

Science is not something we may ever finish, with no more challenges and myster-
ies to resolve—from mutating viruses and changing ecosystems to evolving language
and human systems. It is largely self-renewing. Only since the 20th century did we
spark most of science’s major discoveries. The future is much longer, holding many
more advances through powerful new tool innovations. If we knew all the answers,
it would mean we would already know all the questions and have already developed
all the needed methods and tools we could ever need. But that is not how discovery
works. This methods-powered view offers an alternative, more promising perspec-
tive of the future: if scientists commonly only chase the questions they already have,
they are held back by what they know and can imagine today. But history shows that
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developing new methods and tools has unlocked most new questions we could not
have predicted across fields, from biology, astronomy and geology to medicine, cli-
mate science and neuroscience. Each major tool we invent does that—from the PCR
method to x-ray devices.With somany newmethod combinations and scaffolds easily
within our reach today—small and big—we are in a better position than ever to keep
pushing the boundaries of the unknown (Chapter 6). That is the essence of frontier
research: not just answering today’s questions, but strategically extending our methods
that opens and answers the questions of tomorrow we have not yet imagined. Because
the real frontier of science is not just out there—it is mainly in building the tools that
reveal what is out there—often unexpectedly.

Conclusion: the science of discovery—and the tool
revolution in science

Most people are familiar with big breakthroughs like Franklin, Crick and Watson’s
discovery of DNA’s double-helix structure, Hubble’s discovery that the universe is
expanding and Einstein’s theory of relativity. But who created the tools that made
those surprising findings possible? Few people have heard of them: it was the Braggs’
invention of x-ray crystallography that produced the extraordinary image revealing
DNA’s structure.(125) It was George Hale’s massive telescope—the most advanced at
the time—that made possible the earth-shaking observation of galaxies moving away,
transforming how we understand the nature of our vast universe.(2) It was Albert
Michelson’s pioneering interferometer that allowed precisely measuring the speed of
light and challenged the existing notions of absolute space and time.(50) Tools define
what we can see, measure and experiment and largely shape the very theories we can
even conceive to explain the surprising findings those tools reveal.

The invention of powerful new methods and tools has been the turning point
behind fields across science. Better microscopes launched microbiology. Radio tele-
scopes made radio astronomy possible. DNA sequencingmethods sparked genomics.
The PCR method unlocked modern genetics and virology. X-ray crystallography
gave birth to structural biology. Carbon-14 dating transformed archaeology—from
guesswork to precision science. Scanning tunneling microscopes laid the founda-
tion for nanotechnology. Functional MRI powers cognitive neuroscience—giving
us real-time images of the thinking brain. High-performance computing enables
computational biology. Particle detectors and accelerators drive particle physics.
Chromatography powers analytical chemistry. CRISPR drives genetic engineering—
and so on. These tools open windows into worlds that are too small, too vast, too fast,
too far beyond our mind’s capacities to observe or imagine on our own. They have
given birth to new fields and sparked more discoveries than a single theory—in their
domains.

Again and again, new methods revealed parts of the world we could not see or
conceive before. The observations often came first, with theories following to explain
them.Without the right tools to detect or measure, our best theories cannot bemean-
ingfully developed or tested, but alsomore funding and collaboration are not enough,
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and unexpected or serendipitous observations cannot be made. These other factors
vary by discovery. So what unites the diverse discoveries that electron microscopes have
made possible—or that telescopes, or x-ray devices, or spectrometers have made possi-
ble? It is not a shared theory, research teams, more funding or serendipity, it is using the
shared powerful tool. Each unlocked findings across different fields that changed how
we understand the world and sparked the need for new theoretical explanations. This is
what the new methods-driven discovery theory explains: new methods and tools are a
necessary condition for major discoveries, and commonly the critical driver—they are
the common thread driving our biggest breakthroughs across science and history. The
theory explains much, if not most, of scientific progress: from how new fields emerge,
to why particular discoveries happen when they do, to why some problems resist
solutions for decades, to why certain institutions become unexpected powerhouses
of innovation.

This discovery—that new tools drive major breakthroughs—reveals a powerful
principle in science: it not only explains how our past discoveries have emerged, but
it also helps anticipate future discoveries. The theory is straightforward: when we
develop a new tool, we can predictwhere the next breakthroughs can come from, and
when. Tracking the speed and direction of tool innovations gives us powerful signals
that discovery is soon to follow. The signal can come from a newly invented sensor, an
upgraded gene-editing technique, a combined AI-powered microscope, or an exper-
imental method newly adopted from another field. The best way to predict the pace
of new discoveries is looking at how fast, where and when we scale up our tools.

But when people imagine science, they often think theories are at its heart, with
methods just supporting them. But examining science’s major discoveries, we reveal
the opposite:methods are not just stepping stones, they enable sparking breakthrough
findings that are not possible without them and often come first from inventing the
method. Ultimately, the engine of discovery is inventing new ways to see, detect,
measure, simulate, imagine and theorise about the world.

So why are tools commonly the central driving force of discoveries? The answer
lies in six fundamental ways that they transform how we explore the unknown. One,
tools do not just visualise, measure and test the world. They also enable us to con-
ceive of reality in ways unthinkable without them. From electron microscopes that
reveal viruses, to radio telescopes that uncover radiowaves fromdistant galaxies. Two,
tools make discovery less driven by chance and more driven by design—making it
systematic and repeatable. Three, tools accelerate the pace and scale of discovery in
extraordinary ways. Think of how computational, experimental and statistical meth-
ods have vastly sped up breakthroughs. Four, tools push us beyond the boundaries
of existing theories by revealing unexpected phenomena current understanding can-
not explain—fromuncovering superconductivity to x-rays. Five, tools spark cascading
breakthroughs across unrelated fields—with the laser, originally developed in physics,
triggering discoveries in medicine (laser surgery) and communications (fibre optics).
Six, tools make science scalable, precise and reproducible. Tools often transcend the-
ories and what theoretical explanations can do (Chapters 1 and 6). In fact, newmajor
tools are themselves the big discoveries. And discovering what drives discovery can
mark a key advance for scientific progress.



PUSHING THE LIMITS OF SCIENCE 293

The key to advancing science is inventing, upgrading, combining and adopting new
methods and tools of discovery. It is how we break and redefine the current limits of sci-
ence. If we do not place our tools at the heart of science, we cannot understand howwe
trigger major discoveries. But current explanations of science—whether from scien-
tometricians, historians, psychologists, computer scientists or philosophers—do not
recognise tools as the key driver. What we have uncovered in this book is the miss-
ing principle overlooked up to now: tool innovation is commonly the primary driver
of discovery—and once recognised, we are much better able to spark new advances
faster (Chapters 1–6).(346,350–353,355,358)

Expanding our toolbox is the thread connecting science—from the present, back
to its origins, and forward to the cutting-edge frontier. It provides answers to the big
questions about science: how we trigger new discoveries (Chapter 1), what sparks
serendipity in science (Chapter 2), whether scientific progress is cumulative and even
how we define the scientific method itself (Chapter 3), how our powerful tools inter-
act with discoverers’ demographics, institutions and resources (Chapter 4), how we
actually create new scientific fields (Chapter 5), howwe invent newmethods and tools
(Chapter 6), what the origins of science and ourmethods are (Chapters 7–8), what the
common force driving science is (Chapter 9), what the current limits of science are
and how we can break them (Chapters 10–11). At the centre of answers to these big
puzzles is a common principle: method innovations. They provide a unified answer
to many unsolved questions about science.

The efforts of millions of people using their eyes, minds and hands to explore the
world are rarely as transformative as creating a new tool—like an advanced spec-
trometer or electron microscope—that can trigger multiple major breakthroughs by
enabling us to see further and think deeper. In this book, we have adopted a new
approach: examining science’s over 750 major discoveries, the methods and tools
they used and the traits and conditions of the discoverers to systematically assess
what exactly sparks them. A striking finding emerged: it is new tools themselves
that consistently trigger new breakthroughs—experimental, methodological and
theoretical—by providing a new needed lens. The inspiration for this approach came
from recognising a pattern across breakthroughs—that they rely on new methods,
from randomised controlled trials to new statistical techniques. Testing the pattern
here revealed that it surprisingly applies across scientific fields and history—leading
to this new method-to-discovery principle. This key driver of discoveries has been
overlooked because researchers had not yet reviewed science’s over 750 discovery-
making studies—one by one—to identify the underlying pattern and extract the
data from each study and multiple other sources. It has been a meticulous and very
time-consuming task that culminated in this book.

This method-to-discovery principle could also be applicable across other
domains—from technology to business and even policy. Designing new methods
could solve our large challenges across domains. The impact of new methods can
be much greater than their initial intention as we can use them for different purposes
in different fields. Just like the first microscopes and telescopes were not invented
for scientific purposes but were then leveraged across science,(46) the internet was
created for improving communication but we now use it worldwide for gaining
knowledge—it is our global library.
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Discovering this methods-driven principle has vast implications: scientists need
to begin focusing on spotting the gaps and blind spots in their own tools and find-
ing ways to tackle them. We mapped out the crucial pathways we take to invent new
tools—the discovery engine. We also created a scientific table of discovery methods—a
map of explored and unexplored method options that can help identify and predict
untapped combinations of tools and where the next breakthroughs can emerge. This
method map can coordinate efforts across scientists to create databases of methods
and tools—cataloguing combinations, blind spots and unexplored regions. It can also
guide resources and strategic investment. We also laid out seven major reforms that
could drastically speed up scientific progress and develop the Methodology of Science
(at the end of Chapter 6).

Here we summarise those critical reforms. One, we need farmore researchers dedi-
cated to tacklingmethod bottlenecks across the scientific community. Two, we should
make testing and expanding our best methods a regular part of what we all do. Three,
we need to redefine research as not just question-driven but equally methods-driven.
Four, we have to fix science’s reward system, so journals, prizes and funding bodies
equally incentivise method innovations. Five, we need to establish newMethods Labs,
Methods Hubs and Departments of Methodology of Science—as incubators of innova-
tion. Six, we have to shift our main measure of success from just outputs (especially
article citations) to focus equally on inputs—method innovations. Seven, we need
to train the next generation of tool innovators—and integrate deep methodological
training into university degrees across science. These reforms would help us much
better spot when even our best tools of discovery are holding us back—and how to
overcome those barriers.

If we adopt these seven reforms, we could kick-start a tool revolution across sci-
ence. It would break from the status quo: the era before the tool revolution, where
we until now commonly made new methods and tools in a surprisingly improvised
and scattered way. It would mark a shift towards the tool revolution, where we would
design and develop newmethods and tools in a deliberate, planned and strategic way.
It would cut down the time it takes to identify new possible tools but also to create
them. Until now, without yet a general theory of scientific progress and dedicated
research programmes for tool development, each discoverer has had to improvise, test
and work out on their own how to best make a breakthrough—and which new tools
we need. The tool revolution would be driven by a shared understanding—across sci-
entists, science policymakers and funders—of the incredible power of designing and
engineering the very methods that generate new discoveries. Researchers lose much
time and fields stall because we did not yet have a systematic roadmap for building
better tools.

So what if we stopped waiting for the next discovery tools to arise by chance?
How many breakthroughs do we overlook simply because we have not yet made tool
development a clear priority? What if science labs start competing to invent discov-
ery tools, not just to use them? Indeed, when most researchers stick with familiar
tools just because that is what they know best, breakthroughs are slowed—or even
missed (Chapter 1). That common comfort zone holds fields back. Yet science would
then move from more unplanned insights to designing better ways to see, detect and
think—to better engineering discoveries. If researchers everywhere recognised that the
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tools and methods we use shape what we can discover with them, it will push us to
extend them and invent better ones—far more systematically. It may be the most pow-
erful, untapped frontier in science. Ultimately, when we hit the limits of our tools, we
know exactly where to innovate next. Each limitation we uncover is one step closer to
unknown terrain and findings. Because the biggest leaps in science do not generally
come from re-examining existing blurry data or re-measuring existing data samples.
They come from building sharper lenses, more precise sensors and more accurate
computer simulations.

A tool-centric science opens whole new lines of research and countless questions
that hold large potential. How can we incentivise researchers to develop new meth-
ods that may not yield a paper, but could change a field in a few years? What are
actually the best strategies to reward not just for solving scientific questions, but for
inventing better ways to solve them?How could scientists best see their role not just as
answering questions, but also as engineering better ways to answer them?How canwe
create a culture that values method design and toolmaking as the foundation of dis-
covery? Can we develop models to help guide tool design and bootstrap innovation?
Can we develop models to predict which new methods could enable bigger advances
before they are developed? Could fields forecast their own growth by investing in the
methods they will need in coming years (just like engineers plan major infrastruc-
ture in advance)? What ethical frameworks do we need to ensure responsible tool
innovation, especially in fields like genetics and climate science?

Ultimately, newmethods and tools are the engine of discovery—our keys to unlock-
ing the mysteries of life, matter and the universe. As we invent more powerful tools,
our capacity to reveal what is beyond our imagination today only grows. Each time
we invent a better tool to see, measure or simulate the world, we expand what is
possible—and what we can discover. The frontiers of science largely lie in uncov-
ering underdeveloped and undeveloped tools. Designing better tools is set to become
science’s next frontier of competitive advantage. The logic of science and discovery is
simple: conventional methods produce conventional research; new tools make new
breakthroughs possible. If a science-wide awareness of this principle emerged and
the scientific community made it a priority, it could begin a tool revolution in sci-
ence. One that transforms how we understand, create and accelerate new scientific
advances. One that changes how science is organised, practiced and funded. By recog-
nising tool innovation as the key driver of science, we could make discoveries faster
andmore predictable over time. So there is a science of discovery: those who develop
and use new methods and tools today are generally the ones who spark tomorrow’s
new breakthroughs.
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Supplementary material and additional figures
and analysis

Methods Appendix

Here we provide greater detail on science’s major discoveries, defined as all nobel-prize-
winning discoveries in science and major non-nobel discoveries. For the nobel-prize
discoveries—from the first year of the prize in 1901 to 2022—the prize is awarded in physics,
chemistry, physiology and medicine, and economics. When the prize was first established, the
term ‘physiology was used to describe what is today a number of biological fields.’(387) Some
biological discoveries are also at times awarded in the chemistry category. Although the Nobel
prizes are grouped around these core areas of science, many prizes have gone to scientists from
broader disciplines—from astronomers and climatologists to psychologists.(95) Nobel prize
winners are among the most influential and highly cited researchers in the world—as con-
firmed by Scopus and Google Scholar. The Nobel committee sometimes awards the prize in
a given year to two or three scientists. In those cases, the committee states whether the prize
was awarded for one, two or three discoveries. This makes for more discoveries than the years
awarded. For each of the 533 nobel-prize discoveries, the committee highlights the central study
as the one awarded the prize. In cases where several studies on the same topic—that build on
each other—are referenced by the committee, the first study is included.

Since many major discoveries were made before the Nobel prize or did not received it, we
also include science’s other major discoveries. These are identified through science textbooks
that list the top 100 greatest scientists and their discoveries—and that span across fields and his-
tory. Seven general textbooks were published and included here—not those specific to a field
or time period.(96,97,98,99,100,101,102) After excluding duplicate cases across the seven textbooks,
302 of the 700 discoveries remained—and removing duplicate cases that also received a Nobel
then 228 remained. Combining the 533 nobel-prize discoveries and 228 major non-nobel dis-
coveries brings the total to 761 major discoveries (Appendix Figure 1.1). This comprehensive
approach covers not just discoveries in specific disciplines or time periods, but science’s major
discoveries across fields and history.

At first, just a few months were planned to collect the data. In the end, it took a total of fif-
teen months of full-time research to gather the detailed data for all discoverers. For each of
the 761 discoveries, 32 variables—over 20,000 data points in total—have been collected and
verified, one by one. To trace the methods applied in each discovery, the key source used is
the original publication for each of the 761 discoveries. For the nobel-prize-winning discov-
eries, this is the central prize-winning study of each scientist—over 500 studies in total. These
studies commonly cite (reference) the publication of the method they used—allowing us to
pinpoint the year the method was published. In the remaining cases where the method is only
highlighted but not explicitly cited, we identified when it was published in one of six major
encyclopaedias of science,(103,104,105,106,107,108) or official Nobel prize documents(95)—or for a
final few instances through Google Scholar.

Describing the traits of the discoverers—and the broader environment they worked in—
requires linking each of the 761 major discoveries they made to their traits and conditions,
totalling 982 discoverers. To do this, we gathered data on each discoverer’s age at the time of dis-
covery, their education level, gender, country of birth and where they lived. The main sources
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for this information are Encyclopaedia Britannica(103) and official Nobel prize documents—
each scientist’s prize-winning lecture and biographical information.(95) Remaining data came
fromone of those five other encyclopaedias of science and the seven science textbooks. The data
on discoverers’ university ranking are drawn from QS World University Rankings 2021.(223)
For income per capita and population size of the country they lived in, we used data from
the Maddison Project Database.(388) Most data on discoverers’ religious affiliation came from
Sherby(389)—and for remaining cases, from other scientific publications, and finally contacting
living Nobelists directly by email. All relevant data have been confirmed using one of these six
encyclopaedias. After exhausting these main sources, remaining data not yet identified were
extracted in a second phase using other publication sources. These include sources such as
A Century of Nobel Prize Recipients: Chemistry, Physics, and Medicine(207) and The Who’s Who
of Nobel Prize Winners 1901–2000.(389) In short, all compiled data are drawn from and verified
through published sources.

To ensure the findings are reliable and robust, we adopted a wide range of measures and
controls: the results are not limited to—and take us beyond current studies—using data for
one field, time period, data source, or measure of science. We studied across science, across
centuries, across all nobel-prize and major non-nobel discoveries, and across multiple mea-
sures of science—scientific discoveries, methods and fields. We did not study just one factor,
but examined a broad set: scientific, demographic, institutional and economic. We did not rely
on a single method: the analysis combines descriptive statistics, regression models, network
analysis, growth dynamics and qualitative evidence. Just as importantly, we did not only focus
on evidence, but developed a theory grounded in that evidence. A key feature of the book has
been comparing results between all nobel-prize and major non-nobel discoveries. This serves
as an independent control, enabling us to test the results—and we verified they are robust and
not an artifact of the data. Across both these groups, we find consistent patterns: in the fea-
tures of the discoveries themselves (Chapter 1), in the role of serendipity (Chapter 2), in how
discoveries evolve and are extended over time (Chapter 3) and in the traits and institutional
environments of the discoverers (Chapter 4).

Examining all nobel-prize and major non-nobel discoveries does not necessarily reflect
selection bias.With the study’s vast scope, the discoveries span over centuries across the history
of science. They illustrate that about two thirds of nobel-prize and othermajor discoveries were
notmade at top 50 ranked universities but at less known institutions. And 54% ofmajor discov-
erers were based in Europe, 42% in North America and 5% in other regions (Asia, Africa and
Latin America) at the time of discovery (Appendix Table 1). This geographic pattern reflects
the historical concentration of scientific institutions in Europe andNorth America, rather than
a methodological bias on major discoveries.

Tomeasure scientific discovery, we directly examined science’s major breakthroughs—using
all nobel-prize and major non-nobel discoveries. This comprehensive approach aims to tackle
the limitations of the most used—but indirect—measure of the impact of discoveries: citation
counts (as we laid out in Chapter 3).(40,38)

One final clarification on the data: among science’s major 761 discoveries, three cases before
the 1820s lacked specific data about the type of microscope used—and thus the year it was
developed. In those three instances, we used the year when the most widely used microscope
at the time was developed as a proxy. All other data reflect the year the method or tool was
created.

Finally, while the book focuses on scientific discovery, about 3% ofmajor breakthroughs also
have a strong technological component—such as the invention of the transistor by Nobelists
Shockley, Bardeen and Brattain, and wireless telegraphy by Nobelists Marconi and Braun.
When examined separately, these discoveries follow similar trends to other major discoveries:
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over time, the gap between the development of new methods and new discoveries is decreas-
ing. For discoveries made since 1930, the average time between creating the keymethod or tool
and the resulting discovery is 11.4 years for technological discoveries—almost identical to the
11.7 years for all other major discoveries.



SupplementaryMaterials

All Nobel-prize discoveries in science      

+
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738  Nobel prize winning scientists from 1901–2022 (all
Nobel laureates in science from the first year awarded
to the present)

533 nobel-prize-winning discoveries (all
discoveries from the first year awarded to
the present) – with 157 discoveries awarded
jointly to two or three laureates

74 discoveries excluded that
overlapped with those
awarded a Nobel prize 

700 discoveries in textbooks that cover the 100 biggest discoveries/scientists in history
(accounting for a total of seven textbooks)  

Science’s major discoveries

761 major discoveries that include all nobel-prize 
and major non-nobel discoveries in history 

74 i) 100 Greatest
Science
Discoveries
of All Timea
(102)

(26 already
captured)

62 ii) Britannica
Guide to 100
Most
Influential
Scientists(98)
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 9 iii) The 100
Most Influential
Scientists of
All Time(99)
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Discoveries
That Changed
the World(97)
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captured)  

15 v) 100 Scientists 
Who Shaped
World  History
(96) 
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captured) 

22 vi) Quantum
Leaps: 100
Scientists Who
Changed the
World(101) 
(78 already 
captured)  

626      major discoveries in history    

228   major discoveries in history that did not receive a Nobel 
prize - most were made before the prize beginning in 1901  
(472 out of 700 discoveries overlapped across the seven 
textbooks and the nobel-prize discoveries)b

27 iv) The Scientific
100: A Ranking of
the Most Influential
Scientists, Past and
Present(100) 

(73 already 
captured)  

Science’s major non-nobel discoveries

Appendix Figure 1.1 The data for the analysis of science’s major discoveries
a Of the 100 discoveries in textbook i, five cases actually combine two distinct discoveries into a single entry—and here we separated them. These include: levers and
buoyancy; infrared and ultraviolet; antineuritic vitamins and growth-stimulating vitamins; the weak force and strong force; and quasars and pulsars. bSeveral discoverers
whose work is less scientific in nature were not included: Leonardo da Vinci, John Audubon and Plato were excluded from the top 100 list in textbook ii; Asclepius and
Jacques Cousteau were omitted from the list in textbook iii; Anaximander and Zhang Heng from textbook vi; and Omar Khayyam and Shen Kuo from textbook vii. In
textbook vii, we also did not include George Zweig, Jocelyn Bell Burnell and John Ambrose Fleming. Zweig’s work of the quark model was developed independently by Nobel
laureate Murray Gell-Mann, who was already included. Bell Burnell’s discovery of pulsars was largely credited to her supervisor, Nobel laureate Antony Hewish, who was
already included. And Fleming’s central discovery—the thermionic valve—was already included.



Discoverers

Traits of discoverer(s) (at time of discovery)
• Age
• # of individuals
• Discipline of discovery
• Education level

• Has 2 or more degrees in different fields
• Worked interdisciplinarily
• Gender and religious affiliation

Broader institutional and social environment (at time of discovery)
• Working at university
• Country of residence and of birth
• Working at top 25 or 50 ranked university

• Population size (of country of residence)
• Income per capita (of country of residence)

DISCOVERY PROCESS

Methods (mathematical, statistical, controlled
experimentation etc.)

Instruments (microscopes, centrifuges etc.)

New methods and instruments

OUTPUT

Scientific
discoveries

(used to observe, experiment and test hypotheses
in the world)

DEVELOP USED TO MAKE

Appendix Figure 1.2 The discovery process: How methods and tools drive discoveries and are supported by our traits and conditions (overview
of factors we analyse and how they interact)



Molecular logic of olfactory perception (1991)

Directed evolution of enzymes (1993)
Reprogrammation of mature cells as pluripotent (2006)

Polymerase chain reaction (PCR) method (1985)

Method of laser cooling for quantum systems (1985)
Method of ultrashort high-intensity laser pulses (1985)

Method of capturing photons in a trap (1987)Fullerenes (1985)Transmission of light in fibers (1966)

Quantum theory of optical coherence (1963)
Semiconductor heterostructures (1963)

Doppler-free spectroscopy (1958)

Maser/laser (1954)

Vector autoregression method (1980)=
Generalized Method of Moments for stock prices (1982)=

ARCH method for time series (1982)=
Cointegration method for time series (1987)=Structural macroeconometrics as analysis tool (1976)=

Theory and methods for selective samples (1974)=

Theory and methods for discrete choice (1974)=
Predictability in stock markets (1981)=

Complexity of stabilization policy (1963)=

Models of causes of poverty (1954)=Development of GNP (1934)=

Probability theory foundations of econometrics (1941)=
Econometrics (statistics) (1933)=

Method of national accounting (1940)=

Electrophoresis method (1930) Hepatitis B (1965) Genetic principle for generation of antibody diversity (1976)

Protein targeting (1975)

Split genes (1977)

Ubiquitin-mediated protein degradation (1980) Protein synthesis, proteolysis and cell cycle transitions (1983)

Phage display of peptides and antibodies (1985)DNA Sequencing (1977)

Chromatography (1906/1931)* Sugar nucleotides (1949) Structure of insulin (1955) Chemical structure of antibodies (1959) Gene regulator of β-adrenergic receptor (1986)

Ivermectin therapy against parasites (1979)Development of green fluorescent protein (1962)
Neurobiology of dopamine signaling (1969)

Carbon dioxide assimilation in plants (1952)Carotenoids, Vitamins B2 and B6, and chromatographic techniques (1933)

Partition chromatography (1941)

Microscope (improved) (1873)* Immunity (1882)
Tuberculosis bacterium (1882) Phase contrast microscope (1930) Crystallographic electron microscopy (1962) Scanning tunneling microscope (1982)

Structure of the nervous system (1873) Causative agent of malaria (1889) Cell structure (1945) Ribosomes (1955) Dendritic cell and adaptive immunity (1973) Genetic mutation in cell-death process (1976) Production of graphene (2004)

Single-molecule microscopy (2006)

1900 1925 1950 1975 2000

Legend

○Methods and tools (in bold)  
○Resulting discoveries made using them 

(not in bold)

Nobel prize in:

■ Physics ▲ Chemistry
● Medicine  = Economics

Electron microscope (1933)

Appendix Figure 1.3 New central methods and tools bring about new discoveries
The data shown in this figure highlight nobel-prize-winning methods and tools developed after 1930, and each has led to at least four later nobel-prize discoveries.
(Those developed before 1930 are shown in Figure 1.1). The year listed refers to when the tool was created and when the resulting discoveries emerged. ∗There are two
exceptions: an improved microscope (fulfilling the Abbe sine condition) developed in 1873, and chromatography, initially developed in 1906 but significantly enhanced
and widely spread in 1931. Although these two tools did not receive a Nobel prize themselves, they were used to make several discoveries—and more advanced
microscopes and chromatography methods that were later awarded a Nobel. Due to space limitations, a number of nobel-prize discoveries made using econometrics,
chromatography and microscopes could not be included in the figure; but they are included in all other relevant figures throughout the book.
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Appendix Figure 1.4 Nobel-prize discoveries compared to major non-nobel
discoveries, by the year the central method or tool is developed and the resulting
discoveries (regression scatterplot)
The data reflect 616 major discoveries that include all nobel-prize discoveries compared to
major non-nobel discoveries made over the same time period—as an independent control
group.
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laser/maser, since 1954
particle accelerator, since 1929

particle detector, since 1911
x-ray method (diffraction), since 1895

spectrograph, since 1859

electron microscope, since 1933
chromatography, since 1931

centrifuge, since 1924
x-ray method (diffraction), since 1895

spectrograph, since 1859

electron microscope, since 1933
electrophoresis, since 1930

centrifuge, since 1924
optical microscope (imp.), since 1873

hypodermic syringe, since 1853

game theory analysis (Nash), 1950
randomised controlled trial, 1948

equilibrium analysis, 1939
cost-benefit analysis, 1936

econometrics (statistics), 1933

Appendix Figure 1.5 New discoveries are made by developing the central method or tool needed to make the discoveries—across fields
The data reflect science’s major discoveries since 1800, including all nobel-prize discoveries in each field: 200 in physics, 155 in chemistry, 194 in medicine and biology, and
89 in economics. Major breakthroughs in economics mostly only emerged from the early 1900s onward. A regression scatter plot of this data shows that across fields the year
the main method or tool is developed is strongly correlated with the year the discovery is made, explaining most variation at 87% in physics, 86% in chemistry, 84% in
medicine and biology and 82% in economics. For all nobel-prize discoveries, the four shares across these fields are similar: 86%, 83%, 82% and 70%. For the major
non-nobel discoveries over this period, they are 76%, 94%, 87% and 86%. The overall trend across science is illustrated in Figure 1.2. Here, for each field we also highlight the
five central methods and tools most used in contemporary science.
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Appendix Figure 1.6 Trends in the number of new central methods and tools closely follow trends in resulting discoveries, across fields
The data reflect the 196, 155, 191 and 78 major discoveries made since 1800 in each of the fields, respectively—and include all nobel-prize discoveries. They show how many
central methods/tools and discoveries emerged during each period. We present the aggregate data across science in Figure 1.3.
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Physics (incl. astronomy)

* Present 
limits of 
science *
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Economics (incl. social sciences)

Appendix Figure 1.7 The emergence of the ten most common methods and tools in each field—used to spark discoveries since 1900
The data reflect science’s major discoveries since 1900, covering 572 breakthroughs across science—and in the four disciplinary areas, these include 168, 133, 168 and 87
discoveries (in that order). Here, we show when each key method or tool was first developed, along with the share of major discoveries made using them in the given field.
Mathematical methods—including statistics, calculus, algebra, geometry and arithmetic—are grouped together as one of the ten methods and tools.
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Appendix Figure 1.8 Chemistry, medicine, biology and physics share many
central methods and tools—used to make nobel-prize discoveries: insights
from a network analysis
The data reflect science’s central methods and tools used to make two or more
discoveries among all 533 nobel-prize discoveries. While many of these tools are
applied across multiple fields, only those used as the central tool to spark two or more
nobel-prize discoveries are shown here. Tools shared across fields are mapped in blue.
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Appendix Figure 1.9 Gap in years between the developed method or tool and the discovery it enabled
The data reflect science’s 761 major discoveries (Figure a), all 133 major discoveries since 1975 (Figure b), and all 533 nobel-prize discoveries (Figure c).
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Appendix Figure 1.10 Breakdown of discoveries made using a method or tool, and
specifically mathematics or statistics—across time and fields
The data reflect science’s 761 major discoveries (including all nobel-prize discoveries)
(Figure a), and all 533 nobel-prize discoveries (Figure b). Mathematics and statistics are
methods widely used across science—with statistics first developed in the 1600s and
experiencing exponential growth since then.
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Appendix Figure 1.11 Nobel-prize discoveries compared to major non-nobel discoveries
The data reflect 633 major discoveries, including all 533 nobel-prize discoveries, compared to 100 major non-nobel discoveries made over the same time period—used
as an independent control group. NP stands for Nobel Prize. Here we compare these two groups of discoveries by the gap in years between the developed method or tool and
the discovery. Overall, major non-nobel discoveries have a slightly longer time gap, and a broader distribution in that gap—both across time and fields—except in physics
(Figure b). In Figure b, each box reflects the range of the gap in years, between the 25th and 75th percentile—and the line inside each box shows the median gap in years. In
Figure c, we analyse the differences in the features of the two groups: nobel-prize discoveries are more likely to be made by discoverers who have two or more different
academic degrees, have reached the highest level of education and are professors, and are male—among other features. In Figure d, we see that the Nobel prize places greater
weight on method discoveries than on experimental and theoretical discoveries across fields.
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Appendix Figure 1.12 Shares of methodological, experimental and theoretical
discoveries—across time and fields
The data reflect science’s 761 major discoveries (Figure a), and all 533 nobel-prize discoveries
(Figure b). Method discoveries are a new major method or tool; experimental discoveries uncover
a new experimental finding (and are not a method breakthrough); and theoretical discoveries
introduce a new theory.
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Appendix Figure 1.13 Gap in years between the developed method or tool and
the discovery—by experimental, theoretical or methodological discoveries—across
time and fields
The data reflect science’s 761 major discoveries (Figure a), and all 533 nobel-prize discoveries
(Figure b). For all nobel-prize discoveries, the average gap in time—between the year the new
tool and the discovery are made—is 15 years for experimental discoveries, 13 years for
theoretical discoveries and 12 years for method discoveries. ∗One discovery stands out as a
large outlier: Fermat’s Last Theorem which builds on Pythagoras’ theorem—and a break in
the relevant bar for this theoretical discovery from the 1600s is included.
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Appendix Figure 1.14 Most major discoveries have been made in recent history
The data reflect science’s 734 major discoveries since 1575 including all nobel-prize discoveries
(Figure a), and the 201 major non-nobel discoveries over the same period (Figure b). The data
reflect the cumulative share of major discoveries in each field. Science expanded most since
around the 1850s, with most fields experiencing sustained growth in new breakthroughs since
then. By about 1850, a fifth of major discoveries in physics were made, while chemistry, medicine
and biology did so by about 1900 and economics by about 1950. These overall trends are
consistent when examining the major non-nobel discoveries only—that serves as a control
(shown in Figure b). Economics is the youngest field, with most of its major breakthroughs
emerging in the 20th century. We see the largest stagnations in growth in astronomy in the 1800s
(and in mathematics in the 1700s when disaggregating the data for all mathematical
discoveries—not shown in the figure). Mathematics is one of the oldest fields and achieved many
of its greatest breakthroughs earlier than other fields—with half already made by the early 1800s.



Physics   Chemistry y

Appendix Figure 1.15 Central methods and tools used to make nobel-prize discoveries across fields—insights from a network analysis
The data reflect science’s central methods and tools used in making eight or more discoveries (across any field) among all nobel-prize discoveries, namely 71, 58, 39 and
73 discoveries, respectively. Using network analysis, we illustrate how discoveries cluster together around the central methods and tools of a field.
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Appendix Figure 1.15 continued



Appendix Table 4.1 Factors underlying scientific discoveries: the methods and approaches used to make discoveries, and the traits and conditions of discoverers

Science’s major
discoveries (including all
nobel-prize andmajor
non-nobel discoveries)

All nobel-prize-
winning
discoveries

Major non-nobel
discoveries – over
same time period

All discoveries in
seven textbooks (of the
biggest discoveries in
history)

Total number of discoveries: 761 533 100 302

∗∗All shares below out of 100%∗∗ (unless otherwise stated)
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Methodological abilities
Observation 94 95 92 93
Experimentation 75 82 58 63
Hypothesis testing 81 84 79 79

Methods and tools
New method or tool developed to make discovery 100 100 100 100
Discoverer developed a method or tool to make a
discovery, or made a method discovery itself

43 45 37 36

Method discovery (discovery is new method/tool) 25 28 15 18
A tool used (microscope, centrifuge) 90 93 86 84
A method used (mathematics, cost-benefit analysis) 98 100 96 95
Mathematics 96 100 92 91
Statistics 62 78 50 35
Gap between making method and discovery is
<12 years

58 66 47 45

Other features of the discovery
Discovery has a serendipitous moment 16 16 14 21
Discovery (theory/finding) has since been: Updated 83 85 79 76

continued



Appendix Table 4.1 continued

Science’s major
discoveries (including all
nobel-prize andmajor
non-nobel discoveries)

All nobel-prize-
winning
discoveries

Major non-nobel
discoveries – over
same time period

All discoveries in
seven textbooks (of the
biggest discoveries in
history)

Not updated 16 14 18 22
Replaced 1 1 3 2
Total 100 100 100 100
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Traits of discoverers at the time of discovery
Age of scientist (average age) 38,8 38,7 38,9 38,7
Gender, % male 95 97 86 92
Discovery made by 1 individual (ref. group 2 or more) 77 71 91 86

Discipline in which discovery is made: Physics 29 27 23 37
Chemistry 23 26 11 14
Medicine and biology 30 29 43 32
Economics and social sciences 12 15 12 5
Astronomy 6 3 11 12
Total 100 100 100 100

Education level: Professor 60 69 51 45
PhD/Postdoc (including MD) 25 27 30 24
Masters 4 2 3 7
Bachelors 4 2 9 6
Secondary school (or apprenticeship) 3 0 4 7
No formal education completed 4 0 3 11
Total 100 100 100 100

continued



Appendix Table 4.1 continued

Science’s major
discoveries (including all
nobel-prize andmajor
non-nobel discoveries)

All nobel-prize-
winning
discoveries

Major non-nobel
discoveries – over
same time period

All discoveries in
seven textbooks (of the
biggest discoveries in
history)

Discoverer has 2 (or more) degrees in different fields 46 54 42 31
Discoverer worked interdisciplinarily 61 57 61 69
Working at a university or research institution 87 99 82 69
Discoverer at top 25 ranked university 26 30 30 21
Discoverer at top 50 ranked university 32 38 34 24

Region of the world of discoverer: N. America 42 50 45 26
Europe 54 45 50 70
Other region 5 5 5 3
Total 100 100 100 100

Religious affiliation: Christian non-Catholic 44 46 38 40
Catholic 10 8 4 15
Jewish 17 22 12 8
Other religion 6 3 7 11
No religion/atheist/agnostic 22 21 39 26
Total 100 100 100 100

Demographic and economic conditions (country-level data)
Avg. population size (of country of residence),
in thousands

96,665 117,878 86,533 57,290

Avg. income per capita (of country of residence),
in US$

13,185 16,413 10,762 7,003

Year of discovery (mean year) 1869 1951 1926 1738
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Appendix Figure 4.1 Shifts in geographic location and religious status of discoverers—across time and fields
The data reflect science’s 761 major discoveries, including all nobel-prize discoveries (Figure a and c), and all 533 nobel-prize discoveries (Figure b and d). Interestingly,
while 34% of all nobel-prize discoverers were born in the US, 51% lived there when they received the prize. In second place, 13% of all nobel-prize discoverers were born in
Germany, but only 11% still resided there when awarded the prize. This suggests that the US has historically attracted top researchers.(77) Looking at religious affiliation, the
majority of science’s major discoverers identify as Christians (catholic or non-catholic), making up 54%. They are followed by 22% atheist or agnostic, 17% Jewish, 1%
Buddhist, 0,7% Hindu, 0,5% Muslim and 4% identifying with Deism, natural religion or other religions.
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***

**

***
***

***

**
***

**

**

Experimentation conducted
Hypothesis tested
Observation used

Chemistry (ref. group, physics)
Medicine and biology

Economics/social sciences
Astronomy

1925–1975 (ref. group, before 1925)
1976–2022

Age 35–45 (ref. group, 18–34)
Age >46

Made by 2+ researchers (ref. group, 1)
Male (ref. group, female)

Professor (ref. group, Masters or <)
PhD/Postdoc (including MD)

Discoverer has two or more degrees
Discoverer at top 50 university

Population size, top tercile
Income per capita, top tercile

Country of residence in Europe

Methodological approaches

Discipline of discovery

Time period of discovery

Traits of discoverers

Educational and institutional traits

Country-level factors (of discoverers)

–20 –10 0 10
Marginal effects (in years)

Model 1 Model 2

Appendix Figure 4.2 The enabling factors of the number of years between the developed
method or tool and the resulting discovery, for all nobel-prize discoveries
The data reflect all 533 nobel-prize discoveries. Statistical significance is indicated as ∗∗∗ for <1%, ∗∗ for
<5% and ∗ for <10%. The results of this linear regression are presented in marginal effects. Confidence
intervals are illustrated at the 95% level. For models 1 and 2, the R2 is 0.14 and 0.15. The F-test illustrates
a good model fit, with the p-value <0.001 for both models. As a robustness check, we run the same
regression using science’s 711 major discoveries since 1575. The results are consistent and robust: the R2
is 0.16 (model 1) and 0.17 (model 2), with similar effect sizes and significance levels across the
independent variables—except that both education variables become statistically significant.
Here we also provide technical details for the logistic regressions in Figures 4.6 and 4.7. In Figure 4.6, the
binary dependent variable distinguishes nobel-prize discoveries (1) from major non-nobel discoveries
(0)—as the control group. For models 1 and 2, the R2 is 0.20 and 0.25. In Figure 4.7, the binary dependent
variable is method discoveries (1) compared to empirical and theoretical discoveries (0). For models 1
and 2, the R2 is 0.14 and 0.16. For the independent variable on whether experimentation was used:
experiments were made for empirical discoveries (for example identifying the hepatitis C virus) and for
method discoveries (for example testing prototypes of the electron microscope), but not directly for
theoretical discoveries (for example developing the theory of the Higgs particle). As another robustness
check, we run the same regression for all 533 nobel-prize discoveries only, illustrating similar results and
effect sizes. For both figures, results are also presented in marginal effects. All variables are binary (1 or
0). This makes it easier to compare the relative importance of each factor. The Wald test illustrates a good
model fit, with the p-value <0.001 for the models. For the variable that captures whether a discovery
tested a hypothesis, the reference group includes discoveries based on exploratory research instead.
(We provide the descriptive data used in the regressions in Appendix Table 4.1.)
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Appendix Figure 5.1 Size of scientific fields at present, by the year fields emerged
The data reflect 147 established fields that were opened since 1900. The size of each field—represented by the size of the circle—is
based on the total number of publications referring to that field up to 2022, measured by the number of Google Scholar results
when searching ‘field of x’ (such as ‘field of quantum mechanics’). Fields related to chemistry and physics are the largest by
publication volume, while those in astronomy tend to be the smallest.
For the analysis in Chapter 5, we cover the natural and social sciences—and not humanities and professions such as education and
public policy.
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Appendix Figure 5.2 The evolution and importance of the central methods and tools
used to open new scientific fields—by the year the field emerged
The data reflect the central methods and tools used in opening established fields since 1600,
reflecting 100, 25, 25, 33 and 17 fields (from the top left to bottom right). Each method or tool
used has contributed to developing at least five fields, in any of the four disciplinary areas. The
percentage refers to the share of fields that were opened using the particular method or tool
during a given time period. We describe the fields falling into each disciplinary area in Figure 5.3.
Economic analysis includes analysis of expected utility, cost-benefit and rational expectations.
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**Discoverer worked interdisciplinarily

Professor (ref. group, PhD or <)

Discoverer at top 50 university

Country of residence in North America

Age 18–34 (ref. group, >35)

Nobel prize discovery

Demographic features of the researchers

–0.50 0.00 0.50
Marginal effects

Appendix Figure 5.3 Predictors of new established fields emerging through major
method discoveries or discoverers
The data reflect a total of 85 major method discoveries: 62 that led to established fields (reflected
as 1) and 23 that did not lead to a new field (reflected as 0), as the binary dependent variable. The
results of this logistic regression are presented in marginal effects. The R2 is 0.12. Statistical
significance is indicated as ∗∗∗ for <1%, ∗∗ for <5% and ∗ for <10%. Confidence intervals are
illustrated at the 95% level.

Here we broaden the scope of fields. Of the 152 major method discoveries made since 1500,
8%did not lead to a new field, while 29% led to established fields—and, as an additional control
group, 42% led to fields that are not fully established (Chapter 5). As a reference point for the
data in Appendix Figure 5.4, keep in mind that about one in four major discoveries across
science are method discoveries.

Among all nobel-prize discoveries, 28% are method discoveries—with the highest share
in physics at 39%. Yet among physics-related fields, nobel-prize-winning method discoveries
have led to more new established fields than not to—at a total of 53% (Appendix Figure 5.4b).
Physics, followed by chemistry, are the two disciplinary areas with the highest share of major
method discoveries that have led to newly established fields. By contrast, medicine and biology
show the lowest share. Ultimately, across science, major method discoveries are far more likely
to trigger new fields than not (Appendix Figure 5.4b).
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Appendix Figure 5.4 Major method discoveries are much more likely to lead to new fields
than not—across time and disciplinary areas
The data reflect 152 major method discoveries since 1500: 23 discoveries did not lead to a new field
(defined as not returning at least 25 results on Google Scholar), while 62 discoveries led to fields
established at universities (and return 25 or more results) and 67 discoveries led to fields that are not
established at universities but have a scientific community with a shared research programme (also
returning 25 or more results) (Figure a). For the nobel-prize method discoveries, the numbers for these
three groups of fields are 19, 48 and 59 (Figure b). Fields established at universities are each confirmed as a
department, institute, centre or school within universities—such as cognitive science, astrophysics and
microbiology. As focusing on established fields does not include emerging and smaller fields, we also
analyse fields not established at universities but have scientific communities and research programmes.
These fields still returned at least 25 results on Google Scholar—such as the ‘field of porphyrin chemistry’
or the ‘field of phage genetics’, as described in the mentioned publications. Most of these fields also
returned hundreds or even thousands of results, though younger fields typically return fewer hits. These
not fully established fields provide a comparison group for established fields.
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