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Name one transformative technology you used today 
whose foundations do not rely on basic research.

It is surprisingly difficult. The foundations of most transformative technologies go 
back to basic research — often long before any commercial application was visible.

5G / 6G AI GPS Smart Cities MRI Gene Therapy
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What Is Basic Science —
and Why Is It Misunderstood?

Curiosity vs commercial pressure

METACITIES Summer School 2026

SECTION 1



Two Modes of Inquiry — Different Purposes, Inextricably Linked

BASIC RESEARCH

Curiosity-driven

Seeks to understand why, what, and how

Increases understanding of fundamental principles

Does not have immediate commercial objectives

May not produce a product or practical solution directly

Long timescale — often decades to visible impact

APPLIED RESEARCH

Goal-oriented and purposeful

New knowledge with specific practical, industrial, societal, 
clinical or commercial objectives

Answers specific questions for practical problems

Shorter timescale to deployment

Builds directly on basic research foundations

Products, procedures, services as outcome

The distinction is useful, but the boundary is porous. The most interesting research often moves back and forth 
between curiosity and use.



Invention is not the same as innovation

INVENTION INNOVATION

Innovation begins when a result becomes meaningful in a technical, organizational, economic, environmental or 
societal context — not when it is first observed or described.

Creation of something new

May remain inside the laboratory

Focuses mainly on novelty

Does not require adoption or deployment

Example: a new laboratory method, device prototype, or 
technical mechanism

Transformation of an idea into value

Requires use, adoption, deployment and impact

Connects novelty with value creation in context

Needs implementation — technical, social, economic

Example: CRISPR-based therapy reaches clinical use in 
the 2020s



Pasteur's Quadrant — Where the Most Transformative Research Lives

Stokes, 1997

BOHR

Pure Basic Research

Maxwell's equations (1864)

Schrödinger's wave equation (1926)

Einstein's special relativity (1905)

PASTEUR 

Use-Inspired Basic Research — most transformative

• Quantum mechanics → transistor → computing
• E/M theory → 5G/6G networks
• NMR physics → MRI scanners
• DNA structure → genomics & medicine

(low interest)

Neither fundamental nor applied

• Routine testing
• Incremental improvements without scientific depth

EDISON

Pure Applied Research

Iterative product development

Technical problem-solving under strong use constraints

Software feature engineering



The Long Road:
From Curiosity to Technology

Four stories
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The Long Road — Nature Becomes Technology
A recurring pattern across scientific and technological fields

E/M Waves → 5G/6G

Maxwell’s equations → wireless 
civilization

Maxwell 1864

~160 yrs

Quantum → Computers

Atom models → transistor → 
computers, smartphones → 
Digital Twins

Bohr 1913

~100 yrs

DNA → Genomics & Medicine

X-ray crystallography → gene 
therapy

Watson-Crick 1953

~70 yrs

NMR → Imaging

Nuclear physics → diagnostic 
medicine

Purcell & Bloch 1946

~35 yrs

The timescale is long — Basic research often succeeds on a timescale that conventional 
innovation metrics fail to capture.

 



The E/M Story: Wireless Communications, 5G, and 6G

Timeline

1864

Maxwell: equations unifying electricity and 
magnetism — purely theoretical

1887

Hertz: demonstrates E/M waves and 
reportedly calls them “useless”

1901

Marconi: transatlantic wireless signal using 
Hertz's “useless” waves

1940s

Radar — wartime application affecting 
billions of lives

1980s
Cellular networks (1G/2G) — first mass 
wireless communication

2020s
5G globally deployed. 6G research now at 
TRL 1–3.

The Irony

Hertz reportedly declared his discovery had no use. Marconi used those waves to connect continents 
14 years later. The communication layer of the wireless economy — radio, WiFi, cellular, satellite links 
— rests on Maxwell’σ electromagnetism. 

6G and the Ongoing Science Beyond

Massive MIMO, beamforming, reconfigurable intelligent surfaces (RIS), integrated sensing and terahertz 
communications all rely on Maxwell's equations — but push them into new regimes: complex media, 
dense scattering, energy constraints and AI-controlled environments.

Revisiting the Fundamentals

Energy per bit links communication to physical limits: noise, heat, power dissipation and information 
processing. Shannon’s theorem defines the limits of reliable communication over noisy channels.

Sustainable 6G therefore may require deeper understanding of electromagnetism, information 
theory, thermodynamics, materials and computation.



Quantum Mechanics → Semiconductors → Computing

Quantum Mechanics Bohr, Heisenberg, Schrödinger — 1913–1926. Understanding 
electron behavior in atoms.

Semiconductor 
Physics

QM applied to solids. Bardeen, Brattain, Shockley — Transistor 
1947. Nobel Prize 1956.

Integrated Circuits & 
Computing

Microprocessor 1971 → Personal computer → Internet. 
Exponential Moore's Law growth.

AI & Complex Systems 
Simulations

Machine learning on vast datasets. Real-time optimization, 
prediction, decision support.

Digital Twins & Smart 
Cities

Hybrid cyber-physical models: physics-based, data-driven, 
agent-based and reduced-order models.

The METACITIES Connection

Digital twins of cities require computing power and models 
that combine:

• traffic and human mobility
• building thermal behaviour and energy grids
• air quality, weather and emergency response
• communication networks and data flows

Digital twins depend not only on data, but also on 
computational power, modeling assumptions, and domain 
knowledge

• A digital twin would not be conceivable 
without this preliminary work

• The connection feels invisible today 
because computing power is pre-
assumed in modern life.



X-ray Crystallography: DNA Structure & Modern Medicine

Underneath Biology

Watson & Crick solved a biology problem using physics-based structural evidence. Franklin's 
diffraction data and the physics of X-ray crystallography made the biological structure visible. Science 
does not respect disciplinary boundaries.

The Pattern: Curiosity → Decades → Impact

The Braggs won the 1915 Nobel in Physics with no thought of medicine. Decades later, their method 
revealed the structure of DNA. Today: sequencing, genomics, CRISPR, mRNA vaccines and personalized 
medicine.

Cancer Radiotherapy 

Particle accelerators built for nuclear physics now treat cancer. PET scanners use positrons predicted 
by Dirac in 1928 from pure theory. More than half of cancer patients receive radiotherapy as part of 
treatment.

DNA Structure to Genomics
& Medicine

Bragg & Bragg: X-ray crystallography 
(1915 Nobel)

Rosalind Franklin: DNA diffraction 
patterns

Watson & Crick: double helix structure 
(1953)

Sanger: DNA sequencing (1977 Nobel)

Human Genome Project completed 
(2000)

Gene therapy, CRISPR, personalized 
medicine



Optics & Photonics — Total Internal Reflection and the Global Internet

1840s

Faraday & Colladon demonstrate light guided through water

1870

Tyndall: public demonstration of total internal reflection

1960

Laser invented — coherent light source now available

1966
Kao & Hockham propose optical fibre for telecommunications 
(Nobel 2009, 43 years later)

1970

Corning: first low-loss glass fibre — the practical breakthrough

1988

First transatlantic optical fibre cable begins service

Today

1.35 billion km of fibre. Internet backbone. Keyhole surgery. 

• IOP reported the world market for fibre-optic components at $31 billion 
(early 2010s context)

• Without optical fibre, broadband internet as we know it would not be 
possible

• Laparoscopic surgery: 60,000 gall bladder operations per year in the UK 
alone

• Kao was awarded the Nobel Prize 43 years after his original proposal

Tyndall was curious. Kao was trying to solve a 
practical problem using optics. Neither was building 
the internet! The internet built itself on their 
foundations — decades later.

The Path Impact



From Market Design to Digital Markets
Basic research also transforms institutions, markets and infrastructures

Sometimes innovation begins by understanding strategic behavior, incentives, information and institutions.

Basic question
How should scarce resources be allocated when actors have private information and 
strategic incentives?

Research foundation Game theory, auction theory and mechanism design.

Enabling capability
Design rules that shape behaviour, reduce inefficiency and allocate resources under 
uncertainty.

Real-world systems Spectrum auctions, online advertising auctions, procurement, carbon markets.

Innovation impact
Telecom infrastructure, platform economies, public revenue, better allocation of scarce 
resources.

5G/6G require electromagnetism to exist as technologies — but also, market design, regulation and institutions 
to become deployable infrastructures.



The Usual Claims

“Basic research does not produce impact."

GPS needs Einstein's general relativity. MRI requires NMR physics. Computers use semiconductors. Wireless 
communication rests on Maxwell's equations written for no purpose beyond understanding. Market 
infrastructures such as spectrum auctions rest on decades of game theory and mechanism design.

"Basic research is inefficient — it takes too long."

This confuses timescale with inefficiency. A 40-year basic research investment that produces a €100bn industry is 
spectacularly efficient. The error is applying quarterly business evaluation metrics to a process that operates on 
generational timescales.

Wrong metric

"Researchers should focus on real-world problems."

Maxwell was not trying to build a radio. Röntgen was not trying to build an X-ray machine. Bragg was not trying to 
discover DNA. Many transformative discoveries came from researchers free to follow the question — not only the 
application. When we pre-specify all destinations too narrowly, we reduce the probability of discovering something 
genuinely unexpected.

Generalization

Ignores the process



The Deep Structure of Technology

We do not innovate directly from ignorance — understanding must come first

Natural Phenomena What is out there?

Scientific Understanding How does it work and why?

Technological Control How can we harness it, repeat it, and use it?

Engineering System
How can we design reliable 

systems around it?

Deployable Solution
How can this provide solutions 

to existing problems?

Innovation Impact
Did it create technical, societal, 

environmental or economic value?



What Is Coming:
Emerging Technologies

Basic science today — possible transformative technology 
in the next decades
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Emerging Technologies — Roots and Indicative Maturity
Indicative ranges only — maturity varies strongly by architecture, application and deployment context

TRL 4–5Quantum Computing

Selected speedups for simulation, 
optimization, cryptanalysis

Precision measurement beyond 
classical limits

TRL 3–4Quantum Sensing TRL 5–6Quantum Key Distribution

TRL 2–3High-Tc  Superconductors 

Unresolved mechanism, potential 
energy impact

Energy-efficient AI inspired by 
brain-like architectures

TRL 3–4Neuromorphic Computing

Light-based processing for selected 
high-speed tasks

TRL 3–4Photonic Computing

Quantum-secure channels in specific 
threat models



Quantum Technologies — From Nature to Commercial Reality

Different quantum technologies are moving from laboratory validation to early commercial deployment — but maturity varies 
strongly by application.

Quantum technologies are the clearest example of how curiosity-driven basic science leads to commercial reality decades later

TRL 4–5Quantum Computing

Origin:

QM 1920s → decades of industrial and academic 
quantum research → cloud-accessible quantum 
processors and early quantum services

Impact:

Potential speedups for selected optimisation, 
simulation and cryptanalysis problems

Smart city logistics, network optimisation, secure 
communications

TRL 3–4Quantum Sensing

Origin:

Atomic physics → precision measurement beyond 
classical limits

Impact:

Gravity mapping, magnetic sensing, atomic clocks 
(GPS depends on them)

Next-gen urban sensor infrastructure and 
subsurface mapping

TRL 5–6Quantum Communications

Origin:

Quantum optics + Bell's theorem 1964 → QKD 
protocol 1984 → ID Quantique founded 2001

Impact:
Quantum-secure channels in specific threat 
models; complementary to post-quantum 
cryptography standards.

securing future 6G infrastructure



TRLs & Innovation Chains

From basic principles to proven systems — and why the early stages matter most

SECTION 4



Technology Readiness Levels

TRL 1–2 cannot be shortcut. The gap at TRL 3–6 is where many good ideas die — not for lack of merit, but for lack of institutional home.

TRL 1

principles

TRL 2

concept

TRL 3

proof of concept

TRL 4

lab validation

TRL 5

relevant env.

TRL 6

demonstration

TRL 7

prototype

TRL 8

qualified

TRL 9

operational

Research & principles Validation & demonstration Deployment & operation



Technical Readiness ≠ Innovation Readiness
A technology may work perfectly and still fail as an innovation

Technology Readiness

Does it work? TRL 1–9

? Business Model Readiness
Is there a viable path for value creation?

Market Readiness
Is there a willing (and capable) adopter?

Regulatory Readiness
Are there legal and ethical issues? Is there a framework for this?

Organisational Capacity
Can the institution deploy this?

Sustainability Readiness
Environmental, social and financial sustainability?

A high TRL does not automatically mean deployable, scalable or sustainable innovation. Readiness must be assessed across 
several dimensions.

Innovation Readiness Beyond TRLs

Readiness is multidimensional

TRLs answer one question only:
Does the technology work?

Innovation also asks:
Can someone adopt it, finance it, 
regulate it, trust it and sustain it?



The Valley of Death — The Gap Between Research and Market?

Source: https://blogg.pwc.no/digital-transformasjon/bridging-the-technologicalvalley-of-death



Why High-TRL Technologies Still Fail
The Valley of Death is often a translation gap — not only a funding gap

Adoption

• Weak user culture

• Unclear value 
proposition

• Low stakeholder 
trust

Context

• Missing 
infrastructure

• Unclear regulations

• Weak organizational 
capacity

Economics

• Cost is too high

• Poor business model

• Unclear path to scale

Sustainability

• Environmental risks

• Social acceptance

• Long-term finance 
unresolved

The issue is rarely technology alone. 
Innovation requires a deployable 
context: users, rules, infrastructure, 
finance and trust.

Missing translation environment between research and adoption

Knowledge Transfer and Technology 
Scouting provide the bridge: identify 
maturity, select pathway, test value, 
build adoption context.



Knowledge Transfer as a Structured Process
KT is the bridge between knowledge creation and real-world use

Scientific
Insight

Knowledge
Assessment

Pathway
Selection

Deployment
& Adoption

Societal
Impact

Possible Transfer Pathways

Further
Research

Proof-of-
Concept

Licensing
Spin-offs

& Startups
Public
Sector

Knowledge Transfer Process



Technology Scouting — Identifying Innovation Potential in Research Outputs

Technology scouting connects what the project knows with what society, industry and public actors may need

Research
Outputs

Screening
Readiness

Assessment
Exploitation

Pathway
Action

What Technology Scouting Does:

• Identifies research outputs with exploitation potential and partner capabilities

• Reveals maturity gaps, possible applications and deployment pathways

• Assesses alignment with market, societal and public-sector needs

• Connects technical readiness with innovation readiness dimensions

• Supports strategic decisions on Knowledge Transfer investments



A Practical Innovation Check 
A mini-canvas for research-based innovation — apply this to a research result from your own field

1 What phenomenon or knowledge does it rely on?

2 What problem does it address?

3 What type of innovation is it? (product, process, method, 
business model)

4 What is its current TRL (1–9)?

5 What readiness dimensions are missing?

6 Who needs to adopt it — and what is the adoption 
pathway?

7 What is the deployment pathway? Licensing, spin-off, 
public sector, open-source?

8 What is the sustainability or societal value? Which SDGs 
does it address?



Nature does not follow a business plan.
But every business plan, in the end, follows nature.

Ask why to 
discover

Use the discovery 
to enable 

technology

Use the technology 
to create value

Thank You!
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