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~ 0.1mm



Ref; NS Tool, Japan, 2023



2 µm long



http://blog.cytalk.com/wp-content/uploads/2012/10/German-unknown-virus.jpg

200 - 400nm

http://blog.cytalk.com/2012/10/virus-outbreak-8400-german-children-affected-cause-of-outbreak-still-unknown/coloured-tem-of-a-rubella-german-measles-virus/
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Electron beam writing

Encyclopaedia Britannica on the head of a pin  

C. Humpheys, 1992, Cambridge University

Each letter is made of holes approximately 4nm 
diameter

100 nm



ñThereôs plenty of room at the bottomò

 - an invitation to enter a new field of physics

by Richard P Feynman

Å Nanometre scale information storage by electron writing

Å Integrated circuits for computing

Å Machines for manipulation of atoms and molecules

http://www.nobel.se/physics/laureates/1965/feynman-bio.html

Talk given on the 20th December 1959 at annual meeting of the
American Physical Society. Published in the February 1960 issue of 
/ŀƭǘŜŎƘΩǎ 9ƴƎƛƴŜŜǊƛƴƎ ŀƴŘ {ŎƛŜƴŎŜ WƻǳǊƴŀƭΦ 

Discussed:
 

bŀƴƻǘŜŎƘƴƻƭƻƎȅ άŦƛǊǎǘ ŎƻƴŎŜǇǘǎέ



Drivers of manufacturing accuracy capability

ΧΧΦΧΧΧΧΧΧΧΧΧΧΦŘŜŦŜƴŎŜΧΧΧΧΧΧΧΦΦΧ
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Ref, Shore, Morantz, Phil. Trans. Royal Society 2011



This talk is based on knowledge and information
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National Physical Laboratory.
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The Measure of All Things
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Content

ÁWhy accurate measurement matters

ÁHow measurements are expressed

ÁWhere our current measurement system came from

ÁHow international agreement on units was achieved

ÁHow our measurement system has evolved               
(& might change in future) 



Measurement is ubiquitous, often unnoticed, 
but makes everything function



The language of 
measurement

Length of the table = 2 m

thing being 
measured

a number a unit



9ŀǊƭȅ ǳƴƛǘ ΨǎǘŀƴŘŀǊŘǎΩ

Convenient Comparable

Convenient & comparable 
Χōǳǘ ƴƻǘ ǳƴƛǾŜǊǎŀƭ 



International 
agreement 
on units was 
needed



Key messages 1

üAll of science, technology, engineering, medicine, indeed all of 
life, relies on measurement

üIt is accurate measurement that enables progress in science and 
society

üThe system of measurement units and quantities we now rely on 
goes almost unnoticed ς because it works so well

ü¢Ƙƛǎ ǿŀǎƴΩǘ ŀƭǿŀȅǎ ǘƘŜ ŎŀǎŜ ς up until 150 years ago there was no 
agreement on the units we should use for measurement 



How did we get to now?

ÁThe kilogram, based on the mass of water having a volume of one 
litre or one thousandth of a cubic metre was embodied by the 
ΨƪƛƭƻƎǊŀƳƳŜ ŘŜǎ !ǊŎƘƛǾŜǎΩΣ ƛƴ мтфф

ÁPlaced in the custody of the French Academy of Sciences

ÁBy 1812, due to the unpopularity of the new metric system, France 
had reverted to using units similar to those of their old system

ÁBy 1837 the metric system was re-adopted by France, not least 
because of growing use by the international scientific community

ÁAfter the French Revolution old units of 
measurement associated with the old 
regime were replaced by new units

ÁThe meridional definition of the metre 
was soon embodied by a metre bar, 
Ψmètre ŘŜǎ !ǊŎƘƛǾŜǎΩΣ ƛƴ мтфф

Prise du palais des Tuileries
Jean Duplessis-Bertaux, 1793

In 1794/5 the French 
government used a 
decimal clock ς an 

unpopular change! (The 
Measure of All Things, 

Alder)



How did we get to now ς part 2?

Á!ǎ ƳƻǊŜ ŎƻǳƴǘǊƛŜǎ ŀŘƻǇǘŜŘ ǘƘƛǎ ΨƳŜǘǊƛŎΩ ǎȅǎǘŜƳ ǘƘŜǊŜ ǿŀǎ ŀ 
danger of lack of comparability, or rival systems emerging

ÁPrompted by the growth of international trade, the second 
industrial revolution, and the need to unify geodesic 
ƳŜŀǎǳǊŜƳŜƴǘΣ мт ƎƻǾŜǊƴƳŜƴǘǎ ǎƛƎƴŜŘ άǘƘŜ aŜǘǊŜ 
/ƻƴǾŜƴǘƛƻƴέ ƛƴ мутр

ÁThis diplomatic treaty established a permanent 
organizational structure for member governments to act in 
common accord on all matters relating to units of 
measurement

Á Initially covering just mass and length standards, the 
ŎƻǾŜǊŀƎŜ ƎǊŜǿ ǘƻ ŜƴŎƻƳǇŀǎǎ ǘƘŜ ŎǳǊǊŜƴǘ ΨLƴǘŜǊƴŀǘƛƻƴŀƭ 
{ȅǎǘŜƳ ƻŦ ¦ƴƛǘǎ ό{LύΩ

Woodcut dated 1800 illustrating 
the new decimal units which 
became the legal norm across all 
France on 4 November 1800



1875: The Metre Convention signed

1889: metre, kilogram & 
second agreed



1954: ampere, kelvin & candela

1971: mole

International System of Units
(Système International d'Unités)



ÅSeven 
independent 
base units

ÅAll other 
ΨŘŜǊƛǾŜŘ ǳƴƛǘǎΩ 
are made from 
combinations 
of these



World-wide agreement

ÅOctober 2023:     
64 Member States 
36 Associate States 

ÅCovering 98 % of 
global GDP

ÅNational Metrology Institutes all around the world! 
ÅResponsible for developing, improving and maintaining national 

measurement standards for these units



stable

comparable

universal

improving 
certainty in 
measurement



Key messages 2

üOur current measurement system ς ǘƘŜ ΨƳŜǘǊƛŎ ǎȅǎǘŜƳΩ ς rose 
from the ashes of the French revolution

üIn 1875 the Metre Convention was signed between governments 
who agreed on the definition and size of key measurement units

üThis system grew into the International System of Units (the SI) 
that we use today, founded on 7 independent base units

üA globally agreed system that confers on our measurements: 
stability, comparability and continuous improvement



28www.bipm.org

Timeline of the SI

Resolution 6 of the 
9th CGPM (1948) 

The CIPM was tasked to make 
recommendations for a single practical 
system of units of measurement, suitable for 
adoption by all countries adhering to the 
Metre Convention 1960

The name adopted by the 
11th CGPM in 1960 for the 
system with 6 base units.

Å kilogram
Å second
Å metre, 
Å ampere
Å kelvin
Å candela

1971

the mole was 
introduced ς to 
provide a unit for 
chemistry

1967

The second was 
redefined ς the 
atomic second

1983

the meter was 
redefined ς the 
first fundamental 
constant.

1990

conventions for 
the volt and the 
ohm adopted

the International 
Temperature Scale 
(ITS90) was 
adopted 

ΧŀƴŘ Ƴŀƴȅ ǎƳŀƭƭŜǊ ŎƘŀƴƎŜǎ ŀǎ ǿŜƭƭΣ ŜȄŎŜǇǘ ǘƻ ǘƘŜ ƪƎΗ

1979

the candela ς 
redefined as 
monochromatic 
radiation.

The SI constantly 
evolves unit definitions 
& realizations to meet 
user needs for accuracy 



Measurement 
unit evolution

ÁWe need to agree on 
something that is ΨŦƛȄŜŘΩ ς 
it has no uncertainty

ÁThe agreement needs to 
be global

ÁThere are three options:

üPhysical artefact

üMaterial property

üConstant of nature

c
Convenient 

Unique artefact
susceptible to 
change, 
damage or loss

Realisation in 
many locations

Depends on 
material purity 
& generally only 
one experiment

Realisation by 
many 
experiments

Experiments 
are 
challenging



Evolving units ς the metre

Physical artefact
(1889)

Material property
(1960)

Metre = distance travelled 
by light in exactly 
ϳ  seconds

Speed of Light = exactly
299 792 458 m/s

Constant of nature
(1983)



Key messages 3

üOur system of 7 base units is a compromise between our 
perception of reality and practical usefulness 

üThe SI and the definition of base units has always evolved over 
time to meet the needs of end users

üOver time base units have transitioned from being based on 
ǇƘȅǎƛŎŀƭ ŀǊǘŜŦŀŎǘǎ Ҧ ƳŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘƛŜǎ Ҧ Ŏƻƴǎǘŀƴǘǎ ƻŦ ƴŀǘǳǊŜ

üThis has happened in the past for the metre (using the speed of 
light) and the aim was for this to happen for all base units



Mass ς the kilogram 
problem

Inconvenient artefact
Convenient but unique artefact

susceptible to change



The kilogram problem: How was the international 
prototype of the kilogram (IPK) changing?



https://www.pbs.org/video/the-last-artifact-bvn9ea/

50 minute film

https://vimeo.com/270500374

2 minute trailor

https://www.pbs.org/video/the-last-artifact-bvn9ea/
https://vimeo.com/270500374


Technological advances provide a solution

Counting atoms Balancing forces

ÁAllowed a redefinition of the mole in terms of the Avogadro constant 

ÁAllowed a redefinition of the kilogram in terms of Planck constant

ÁProvided confidence in the changes because these two, very different, experiments agreed 
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Counting Atoms: XRCD Method
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N NS

The Kibble Balance
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ÅVoltage, V, can be measured in terms of h and e

ÅCurrent, i, can be measured in terms of h and e

Åg can be measured in the lab with gravimeter in terms of ɝ’  and c

ÅSpeed is measured with the interferometer in terms of ɝ’  and c

The Kibble Equation

ɝὓ
ὠ Ὥ

Ὣ ίὴὩὩὨ

Other terms already 
have fixed numerical 
values, or are closely 
related to h



How do we know when 
ǿŜΩǾŜ Ǝƻǘ ǘƘŜǊŜΚ

Peter J Mohr et al 2018 Metrologia 55 125

When the accuracy of the new 
experiments is such that we could 
start to determine changes in the 
mass of the IPK



Key messages 4

üThe kilogram, the last base unit defined by a physical artefact, 
was a challenge to describe in terms of a constant of nature

üThe solution was improvements in technology and the Kibble 
balance, which equates electrical and gravitational force

üThis experiment was linked to the Avogadro experiment to count 
the atoms in a perfect sphere of 28Si

üAs a result both the kilogram and the mole could be redefined in 
terms of the Planck and Avogadro constants, respectively



Definitions

ÁAccuracy

ñthe closeness of the agreement 

between the results of a 

measurement and the 

(conventional) true value of the 

measurandò, where 

International Standards 

represent the ñtruthò.



Base Units of the SI

second

metre

kilogram

candela

mole

amperekelvin



éof an unknown quantity 

with a standard quantity

aŜŀǎǳǊŜƳŜƴǘ ƛǎΧ

Quantitative Comparison
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After: M. de Podesta, NPL



aŜŀǎǳǊŜƳŜƴǘ ƛǎΧ
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The Base Units of the SI

second

metre

kilogram

candela

mole

amperekelvin
After: M. de Podesta, NPL



Why?

Re-defining the base units of the SI?



éof an unknown quantity 

with a standard quantity

aŜŀǎǳǊŜƳŜƴǘ ƛǎΧ

Quantitative Comparison
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Could we choose our 
standards more wisely?

After: M. de Podesta, NPL



SI Base Units and Natural Constants 

measurerealise

Unit Definitions
in terms of

Unit Definitions Natural Constants

After: M. de Podesta, NPL



aŜŀǎǳǊŜƳŜƴǘ ƛǎΧ
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SI. The International System of Units

Administered from BIPM
Å International Bureau of Weights & Measures

Run by the CIPM
Å International Committee for Weights & Measures

Agenda set by the CGPM
ÅGeneral Conference on Weights & Measures

Resolution 1: CGPM 2014

éEncourages continued efforts to determine h, e, k , and NA 
with the requisite uncertainties,

Start Measure Measure Measure Measure Measure Measure Measure Measure Measure STOP !

20192018201720162015201420132012201120102008 20092007

Resolution 12: CGPM 2007
Recommends laboratories pursue the relevant 

experiments so that the International Committee can 
come to a view on whether it may be possible to redefine 

the kilogram, the ampere, the kelvin, and the mole 

DRAFT Resolution A: CGPM 2018
Should decide to make the change from 20 th  May 2019



The New International System of Units


