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Realisation and dissemination of mass through the consensus value of the kilogram and
preparation for the final phase of traceability to independent realisations

A R T I C L E I N F O
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A B S T R A C T

The National Research Council of Canada’s (NRC) Kibble balance contributes to the determination of the
Consensus Value of the kilogram through participation in periodic key comparisons. This paper provides an
overview of the Consensus Value of the kilogram and the realisation and dissemination of mass within the
present phase of traceability through it. Description of NRC’s participation in international comparisons used to
calculate the Consensus Value is detailed, including methods to operate the Kibble balance, major uncertainties,
and the evolution of key supporting measurements. The potential benefits of using a digital twin to optimise
Kibble balance experiments and of digital comparisons to evaluate the equivalence of realisation experiments
and determine the Consensus Value of the kilogram are also discussed. We offer perspectives on the possible
future landscape of mass metrology once the use of individual realisations of the kilogram has been sanctioned
and the final phase of dissemination from the Planck constant that began with redefinition of the SI in 2019 is
reached.

1. Introduction

Prior to the recent redefinition of the SI system in 2019, the kilogram
was defined simply as the mass of the international prototype of the
kilogram (IPK), a platinum iridium (PtIr) cylinder. The utility of the
kilogram as a unit, at least at the macroscopic level, is to define the
proportionality between the quantity of matter and its mass. By tying the
kilogram to the value of the IPK in 1875, the proportionality was fixed to
a physical object. Any subsequent change in the amount of matter
contained in the IPK would shift that proportionality in real terms even
as the unit kilogram disseminated from it remained the same i.e., 1 kg.
This was understood clearly in 1875 and so the IPK was carefully stored
and used to disseminate the unit kilogram only three times in 144 years,
during “verifications of the IPK” [1]. In the years between “verifications”
the global mass scale was largely tied to the BIPM “as maintained unit”,
an ensemble of PtIr prototype copies traceable to the IPK and managed
so as to track as closely as possible its value as measured during the most
recent verifications. It remains in use today by the BIPM as a system
designed to be physically stable in time.

1.1. Preparation for the 2019 redefinition

In part due to the advancement of technology, and the difficulty in
maintaining a unit based on a single physical artefact accessible in only
one location a few times a century, national metrology institutes (NMIs)
began to invest in the development of new measurement experiments
that could realise the kilogram in terms of an unchanging, universally
accessible, fundamental constant of nature [2,3]. By 2014, such a con-
stant was selected by the international metrology community and a
roadmap [4] was developed that would, if certain criteria were met, lead
to the redefinition of the kilogram by fixing the value of the Planck

constant.
Because it lies at the base of all global measurements, for each

transition between definitions of the units within the SI, the continuity
in their value is critical [5]. Therefore, as planned within the roadmap,
in 2016 NMIs with the potential to realise the kilogram from the Planck
constant performed an international comparison of their experiments to
ensure their determined values of mass (or Planck constant) agreed with
each other and those based on the IPK. The results of this pilot study
(CCM.R-kg-P1) demonstrated very good equivalence, with average mass
values realised from the Planck constant agreeing with those based on
the IPK within 1 μg ± 10 μg [6]. Unfortunately, by 2017, some real-
isation experiments had evolved and discrepancies arose in published
values of the Planck constant based on the IPK [7]. Discrepancy in this
context meant that some results did not agree with each other within
their expanded uncertainties.

1.2. The consensus value of the kilogram

As a result of the discrepancy in realisation experiments, the mass
community was not initially unanimous in recommending adoption of
the redefinition. However, a compromise was soon developed through
adoption of the so-called Consensus Value of the kilogram (CV-kg). In
this framework, NMIs would not disseminate the kilogram from their
independent realisations, which could have led to disparate global
values for mass, rather they would disseminate through an aggregate
value based on all global realisations averaged over a period of time [8].
As a result, procession to redefinition was adopted unanimously and
came into effect on 20 May 2019.

NMIs contribute to the Consensus Value by participating in an
ongoing key comparison (CCM.M-K8), based on the protocol validated
in the 2016 Pilot study, that is run about every two to four years. The
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reference value for the comparison is determined by the average result
of all participating NMIs weighted by their respective uncertainties.
Exemplified by the change in realisation experiments between 2016 and
2017, experiments which contribute to the comparisons can evolve with
time, therefore the Consensus Value of the kilogram is calculated as the
running average of the reference values from the three most recent
comparisons (Fig. 1).

As with the initial 2016 pilot study, during each key comparison
participating laboratories send masses, traceable to their realisation
experiments, to the BIPM for comparison in vacuum with each other and
with standards of the BIPM. BIPM standards can also be tied to the BIPM
“as maintained” unit, designed to be physically stable and to track the
IPK as measured during its last “verification” in 2014 [9]. As such, the
CV-kg can be expressed in terms of a shift in the value of IPK as a rep-
resentation of the same shift in the global mass scale, though the IPK no
longer continues to play any role in its value.

The CV-kg, as representation of the world’s best estimate of the unit
kilogram based on the Planck constant, always has a value of 1 kg by
definition. Therefore, the expression “calculation” of the CV-kg is not
completely accurate, the calculation is of the average result of the last
three key comparison reference values, and the shift in the global mass
scale relative to the last consensus value due to the evolution of the
realisation experiments. These shifts can be traced back to the value of
the IPK at the point of redefinition and ensures continuity. Conse-
quently, with each new iteration of the comparison, the running average
is calculated, and the proportionality between the quantity of matter
and its associated mass can be altered slightly as the global mass scale
changes in response. Similar to the previous definition, this continues to
be a conceptually difficult proposition. However, if the deviation is
sufficiently small, as is presently the case at − 7 μg/kg (2023) with
respect the previous definition, and − 5 μg/kg with respect to CV-kg
2021, there will be no resulting impacts. Such deviations are not un-
precedented; from the mid-1990s to 2014 the global mass scale
accommodated a drift (since corrected) of about 35 ppb due to unde-
tected wear in the BIPM “as maintained” unit compared to the IPK [5].
Between definitions of the kilogram based on the density of water
(pre-1799) to one based on the IPK (1875) there may have been a change
of up to 30 ppm [5].

1.3. Contributing to and disseminating from the consensus value of the
kilogram

In general, the steps for measuring the Planck constant or partici-
pating in a key comparison to support implementation of the CV-kg are
functionally similar. The most significant difference is only the order in
which steps are taken and the direction in which traceability flows. The
most basic steps taken at NRC for realising the kilogram (step 1) and

disseminating its value to contribute to the “calculation” of the CV-kg
(step 2) and to calibrate national reference standards (step 3) can be
summarised as follows:

1. A transfer standard is compared to witness masses in a vacuum
comparator before and after realisation measurements in the Kibble
balance.

2. After its realised value has been determined the transfer standard is
used to calibrate travelling standards in vacuum that are then
transported to the BIPM to participate in the ongoing key comparison
contributing to the CV-kg.

3. The value of the transfer standard is disseminated from vacuum to air
to calibrate national standards that maintain the mass unit at NRC
between realisations.

In steps 2 and 3, the same transfer mass is used to calibrate national
standards and the travelling standards used in the ongoing-KC. There-
fore, as seen in Fig. 2, national standards can be tied to an independent
NRC realisation, the BIPM “as-maintained” unit or to the reference value
of each KC (KCRV). Since the CV-kg references the “as maintained” unit,
it is then easy to adjust national standards when a new CV-kg is
“calculated” simply by adjusting their present and historical values.
When the global ensemble of realisation experiments come into agree-
ment and the CV-kg is no longer in use, mass can be disseminated from
independent realisations.

2. Realisation of mass at NRC

In 2009 the National Research Council of Canada purchased the NPL
Mark II balance [10] from the National Physical Laboratory, UK. The
first measurements of the Planck constant at NRC were achieved in 2011
[11] with support from NPL staff, and the accuracy of these numbers was
successively improved and published in 2014 [12] 1 and 2017 [14]. The
latter publication was an aggregate of new and previous realisations and
remains the lowest uncertainty measurement of the Planck constant.

Fig. 1. Diagram illustrating the progression of the Consensus Value of the ki-
logram including the cumulative shift in the global mass scale with each
“calculation” and its expanded uncertainty (in brackets). To ensure a smooth
transition between definitions of the SI kilogram before and after 2019, the first
consensus value (2021) included a contribution from the mass value of the IPK
as it had been measured in 2014 (via the BIPM “as maintained unit”). The 2023
Consensus Value and all subsequent values are determined from the running
average of the reference values from the three latest international comparisons
of realisation experiments.

Fig. 2. Evolution of the Canadian national PtIr standard k74 in time since its
last washing in 2011. Measurements in blue represent the change in mass with
respect to the BIPM “as maintained” unit, the observed mass increase is due to
accretion of surface contamination. The red squares represent values realised on
the NRC Kibble balance from the Planck constant and also track with physical
mass changes. The green triangles reference the value of k74 to the KCRV of the
ongoing comparisons which can shift with the experiments that participate in
them rather than due to a physical change in mass.

1 Later adjusted [13] for the shift in the BIPM “as maintained” unit with
respect to the IPK discovered during the verification in 2014.
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2.1. The Kibble balance

The Kibble balance (KB) is effectively a force comparator that real-
ises the kilogram by comparing the gravitational force generated by a
mass artefact with an equivalent electromagnetic (EM) force determined
with respect to the Planck constant. At NRC the comparison is performed
through an equal arm beam balance with a central knife edge as the
pivot. In all Kibble balances the EM force is generated by passing current
through a coil inside a strong magnetic field, and so the force generated
is dependent on the current (I), the field strength (B) and the length (L)
of the coil. Knowledge of these components to sufficient accuracy usu-
ally requires two phases of measurements (Fig. 3). The first (Fig. 3a) is a
weighing phase in which the current needed to generate an EM force
sufficient to balance the gravitational weight (mg) of an artefact is
measured, such that mg = BLI. In a second phase (Fig. 3b) the artefact is
removed from the weighing pan and the coil is moved at a constant
velocity (ν) through the magnetic field, inducing a voltage (V) within the
coil where V = νBL. By operating the phases in succession, the weight of
the artefact can be determined by combining the measurements from
each phase such that mg = IV/v. While simple in principle, reaching
uncertainties sufficient to underpin the global mass scale (≤20 ppb on a
kilogram) is challenging.

At NRC the Kibble balance experiment can realise the kilogram to
about 10 ppb, requiring even lower uncertainties on voltage, current,
velocity, and gravity. All measurements are coupled into a single elec-
tromechanical system where alignment and control are critical.
Achieving this level of accuracy requires elimination of air density ef-
fects, necessitating operation in vacuum. To disseminate from mass
standards, they must be corrected for sorption (adsorption/desorption)
effects when transferring to air.

2.2. Operation and evolution of supporting measurements

Realisation of mass at NRC usually requires approximately four days

to one week of data acquisition over which successive blocks of mea-
surements are repeated until the type A uncertainty (repeatability) is
sufficiently low. Each block is typically set to correspond to 70 moves
and 4 weighings, repeated 3 times each in succession beginning with the
moving phase. To reduce the potential for the introduction of mea-
surement offsets, the start position of the moving phase is randomised
within a range, and a hysteresis erasing of the balance arm pivot (knife
edge) is performed each time the mass is loaded and unloaded from the
mass pan. Because the uncertainty requirements are so challenging,
measurement instruments or standards whose output values are critical
to realisation can change significantly in time over the course of the
measurement sets. Consequently, those changes need to be tracked. At
NRC the realisation experiments are typically bracketed in time by ac-
curate measurements of mass, laser frequency, resistance and local
gravity. These boundary values and are then used to correct the KB
measurement sets in time by linear interpolation, or other models that
can be updated in time as more knowledge is gained. The potential use of
a digital twin that could optimally use this information is discussed in
section 3.

2.2.1. Mass
At NRC, the process for realisation and dissemination begins in a

vacuum balance (Mettler Toledo M_one), a 1 kg range, 6-position bal-
ance with 0.1 μg resolution that can operate in air and vacuum (~3 ×

10− 4 Pa). The NRC Kibble balance operates only under vacuum (~1 ×

10− 3 Pa) and because of the high residual magnetic fields at the position
of the mass pan, transfer standards of low magnetic susceptibility are
used for realisation. Typically, 500 g diamagnetic standards made of
gold-plated copper, or diamond turned single crystal silicon (boron
doped). The transfer standards have been found to gain mass over the
course of the realisation experiment, likely by surface sorption due to the
difference in the residual gas compositions between the M_one and
Kibble balances, and the effects of air-vacuum cycling [15]. The change
is tracked by comparison of the transfer standard in the M_one balance
to a set of stable standards before and after realisation in the Kibble
balance. Mass gains observed since 2013 have varied between 3 ppb and
17.6 ppb, with the largest increases observed when using silicon masses,
likely due to their high surface areas. It is also found that the mass in-
crease correlates more strongly with the number of air vacuum cycles
rather than time under vacuum. The uncertainty resulting from the
stability of the transfer standards is estimated as half the mass gain and
is usually the largest uncertainty in the mass traceability chain from
realisation to dissemination. For participation in the ongoing key com-
parisons a pair of travelling standards are calibrated in vacuum against
the transfer standard and later transported by diplomatic or commercial
courier to the BIPM. Stability of the travelling artefacts for the return
trip between NRC and BIPM has been below ±3 ppb for each iteration of
the key comparison since 2016, despite using various artefacts of
different material (platinum iridium, stainless steel, tungsten) and sur-
face areas. NRC uses a custom-designed hermetically-sealed container to
reduce contamination risk.

To disseminate the value of masses realised in vacuum to air, sorp-
tion corrections are performed by comparisons to sorption artefacts [16]
to the level of 2 ppb–3 ppb. Therefore, primary national standards both
in platinum-iridium and stainless steel can be regularly calibrated soon
after realisation with little added uncertainty.

2.2.2. Position and velocity
Position used for current feedback to the coil in the weighing phase

and determination of velocity and position in the moving phase is
measured using a homodyne interferometer based on a NeoArk model
262 SF transverse Zeeman-stabilised HeNe laser.

The laser, when first installed has a negative frequency drift of about
0.3 ppb/day, and so is calibrated in situ before and after measurements
by sampling the laser signal using a 90:10 fibre splitter. The 10 % signal
is transferred to the Time and Frequency laboratory for calibration via a

Fig. 3. Schematic of the operational phases of the NRC Kibble balance: (a) is
the weighing phase, (b) the moving phase.
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direct fibre coupling and calibrated to an uncertainty of about 0.1
ppb–0.2 ppb. Since 2013 the NRC-KB has used three lasers of the same
model for measurement, for each the laser stability increases with aging,
reaching about 0.05 ppb/day after a couple of years of use. The laser
stability modelled linearly between bracketing measurements and
logarithmically long term, currently represents a small uncertainty
contribution to the realisation measurements. However, the impact of
parasitic effects [17] in the interferometer will be explored in the future,
to evaluate any potential offsets in wavelength and thus velocity.

2.2.3. Resistance
The coil current that is required to balance the transfer mass in the

weighing phase, is passed through one of two 50 Ω reference resistors
(typically RB in Fig. 4). The resistors are housed in a temperature
controlled and sealed oil bath and calibrated in bracketing measure-
ments to about 1 ppb using Quantum Hall Resistance (GaAs) via a
custom built cryogenic current comparator. Calibrations are performed
at 8 mA and 16 mA to match the current that would be required to
balance a 500 g or 1000 g mass respectively during a KB weighing. The
historical calibrations since installation in 2011 are shown in Fig. 4. The
calibration of the resistors is performed in-situ by applying current
profiles similar to those the resistor would experience during operation
of the KB (Fig. 4 inset) so that changes due to self-heating between
calibration and use are reduced.

Recently the temperature coefficients of the resistors have been
measured and future realisations will incorporate corrections due
changes in the bath temperature of about 1.1 ppm/K and the impact on
historical results will be investigated. New high stability reference re-
sistors (Alpha Electronics) are being characterised and will be intro-
duced upon final performance evaluation. Presently, resistor stability
can be the largest uncertainty contribution to resistance, ranging from
1.5 ppb to 6 ppb.

2.2.4. Gravimetry
Local gravity measurements are regularly performed using a Micro-g

LaCoste FG5 (#105) absolute gravimeter housed on a passive isolation
pad adjacent to the KB. It determines local gravity through interfero-
metric acceleration measurements of a retroreflector dropped in
vacuum.

Evolution of gravity is plotted in Fig. 5, the error bars indicate type A
uncertainty of the measurements which has been successively lowered
between 2017 and 2020 by adjusting measurement parameters. This
involved increasing the sampling rate during drops (doubling fringe
counts), slowing the drop frequency (~0.2 s− 1 to 0.5 s− 1) and adjusting
the timing so there are no gaps in measurement sets taken over a 24-h
period.

The shorter-term variation seen in Fig. 5, as large as 10 μGal (~10
ppb), is due to seasonal changes and the associated impacts on soil
moisture, and snow coverage. The longer-term downward trend of about
13 μGal over the last 10 years is consistent with the post-glacial rebound
[18,19] previously predicted [20]. At NRC realisation measurements are
tied to bracketing absolute gravity measurements, usually within a
month or two of each other, resulting in a typical associated uncertainty
of 1.8 ppb due to seasonal variation. A simple linear fit to the data in
Fig. 5 results in modelled decrease of 1.28 μGal/year, with a standard
deviation in the residuals of 2.9 μGal and maximum deviation of 7.8
μGal, implying gravity could be predicted into the future to a reasonably
low level of uncertainty below 10 ppb. Capability to measure absolute
gravity using the FG5 (#105) gravimeter has been verified through
several international comparisons [21,22], most recently in 2023 (CCM.
G-K2), all demonstrating good agreement with the KCRV.

Absolute gravity measurements in Fig. 5 must be transferred to the
point where realisation occurs, therefore from the effective measure-
ment position of the FG5 to the centre of mass of the artefact being
calibrated. To accomplish this, before installation of the KB, lateral and
vertical gravity gradients were mapped on separate occasions (6-month
interval) throughout the laboratory using a Scintrex CG5 relative
gravimeter [20]. Stray magnetic fields from the KB magnet at the
location of the mass pan were found to impact the performance of the
CG5. Therefore, modelling of the self-attraction was used initially to
predict a gravity transfer value of approximately – 24 μGal ± 4 μGal (to
the base of the mass pan). Later experiments performed by shielding the
CG5 from magnetic fields within a μmetal enclosure (inset of Fig. 5)
enabled the transfer uncertainty to be reduced to 1.5 μGal in 2019. Any
residual field sensitivity of the enclosed CG5 was characterised by
applying known magnetic fields via a tesla coil. The current typical total
uncertainty contribution to realisation measurements due to gravity is
approximately 3.7 ppb, a reduction of about 2 ppb since 2013.

2.2.5. Alignment
In the moving phase the coil should move precisely along the vertical

without lateral movement, nor should it move within the magnetic field
in response to an applied current or addition of a mass standard in the
weighing phase. The position or velocity measured by the interferometer
needs to be carefully aligned so that the measured position and velocity
faithfully represents that of the coil. The NRC Kibble balance is designed
and operated so as to minimise the uncertainties due to misalignments in
part by harnessing reciprocal relationships between forces and torques
in both the weighing and moving phase such that they cancel [23].
However, there is a limit to this negation and so alignments are carefully
performed and measured according to alignment procedures detailed

Fig. 4. The evolution of 50 Ω resistors used for Kibble balance measurements;
the values are calibrated through a cryogenic current comparator to Quantum
Hall Resistance (GaAs). Inset: Representation of a current profile used during
resistor calibration to simulate the conditions during a realisation
measurement.

Fig. 5. The evolution of absolute gravity (tide corrected) within the Kibble
balance laboratory used for determination of the Planck constant or realisation
of the kilogram between 2013 and 2024. Inset: Image of gravity transfer
measurements at the KB using a magnetically-shielded relative gravimeter.
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elsewhere [23,24]. These rely on a series of careful experiments that use
input measurements of coil position and tilts from a series of three
autocollimators and a position sensitive diode to inform iterative
manual adjustments of mechanisms in the balance or to measure errors
for corrections or accounting in the uncertainty budget.

Typically, these procedures will result in the system being aligned
sufficiently such that associated uncertainty contributions to realisation
is about 5 ppb, dependent to some extent on the patience of the operator
and the response of the system. Dominant uncertainties will therefore
vary, typically the largest uncertainties are due to Abbé errors or hori-
zontal and vertical displacements of the coil due to mechanical changes
from loads applied by the mass being measured or the tare mass.

3. Digital twins in mass metrology

Digital twin [25] is a term that is being widely used to describe a
broad range of objects and systems across a wide range of applications,
from high value manufacturing systems to personalised medicine opti-
misation. Definitions and understanding of what constitutes a digital
twin vary widely. Here we concentrate on the use of digital twins in
fundamental science applications.

Measurement equipment and artefacts generally have a set of char-
acteristics that affect the experimental results. These characteristics may
change over time and may be difficult to evaluate directly. Reliable
interpretation of scientific results requires that these characteristics are
accounted for, and the uncertainties associated with them realistically
assessed. The use of a digital twin can provide accurate estimates of, and
identify methods to minimise, these uncertainties.

Very simple digital twins have been explored for mass standards
[26]. These allow “real-time” estimation of the value of a weight; the
model being updated each time new measurement results are obtained
(this essentially differentiates a digital twin from a simple model) but
more complex digital twins can be developed for experiments such as
the Kibble balance.

3.1. Kibble balance experiment

As discussed in section 2, the Kibble balance is an intricate electro-
mechanical system and the determination of mass, traceable to the
value of the Planck constant, requires a complex set of calculations
based on many input parameters that can evolve in time. Features of the
Kibble balance that will affect its performance include:

• stability of the voltmeter and resistor used to measure the voltage
and current in the coil,

• changes of the field strength of the magnet with temperature and
time,

• alignment of the electromagnetic coil and the optics used to measure
its position,

• stability of the laser frequency used in the interferometer,
• local acceleration due to gravity,
• airborne and ground vibration.

All the data gathered during the measurement process can be used to
create and continuously update a model of the balance performance, a
digital twin. For example, the ongoing calibration of input instruments
such as lasers, resistors and input quantities such as local gravity can be
used to update or produce a model of the KB outputs and thus its per-
formance. The functions of the digital twin will be the optimisation of
the experimental procedure and the identification and reduction of
unwanted external influences and parasitic effects, and it will enable
more accurate uncertainty estimates. One of the major benefits of a
digital twin of the Kibble balance will be dynamic evaluation of un-
certainties, particularly in relation to their correlation. Because there are
about 90 uncertainty components, the correlation between them is
largely ignored when using conventional analysis, or at best estimated

very approximately.

3.2. Consensus value of the kilogram

A further interesting application of a digital twin is for the Consensus
Value of the kilogram. As noted, since the redefinition of the kilogram in
2019, dissemination of the SI unit of mass has been from the CV-kg. Due
to the current discrepancy between the mass values determined by the
various realisation experiments, the use of the CV-kg has been necessary.
The organisation of the key comparisons and the review and updating of
the CV-kg involve significant amounts of work and additionally the
scheduling of the comparisons need to be carefully arranged to ensure a
sufficient number of realisation experiments can participate. This can be
difficult given the current complexity of the experiments. The use of a
digital twin to calculate the CV-kg would allow a value based on the
latest results of the realisation experiments to be determined. The CV-kg
could be maintained by the BIPM and accessed by all NMIs. Each time a
new result was produced from any existing (or new) realisation exper-
iment it could be compared with the CV-kg which would be updated if
necessary. Thus, the current best “calculation” of the CV-kg with relation
to the Planck constant would always be available for dissemination.

Once enough of the realisation experiments have been shown to
agree at an appropriate level of uncertainty the current plan of the
Consultation Committee for Mass (CCM) is to allow sovereign dissemi-
nation of the unit of mass from the individual experiments [8]. However,
the use of a digital twin to aggregate individual realisation values of the
kilogram could be maintained, even in this phase of the transition to the
new definition, as it would allow a more robust mass system with lower
uncertainty to be used as the point of traceability for the global mass
scale.

4. Post consensus value of the kilogram

This paper has focussed on the Kibble balance approach and tech-
nologies applied to NMI level experiments. However, the redefinition of
the kilogram will in time have a much wider impact on the equipment
used to realise and disseminate the SI units of mass and related quan-
tities. Currently the Kibble balance is used to realise the SI unit of mass at
about ten NMIs at levels of accuracy from about 10 ppb to 100 ppb.
These balances are complicated bespoke pieces of equipment which
require high accuracy, NMI level standards to operate. In the short term
the operation and mechanical design of these balances should become
simpler to allow for a more routine realisation of the kilogram and
adoption by a larger number of NMIs.

Further ahead Kibble balances should achieve the goal of realising
the SI at the point of need in research and production. To routinely reach
the highest levels of accuracy needed (OIML Class E0 and E1) a step-
change in the performance of room temperature voltage standards will
be needed but for OIML Class E2 and below it is possible to construct
relatively simple Kibble balances [27]. As such balances are essentially
self-calibrating, they are suitable for use in harsh and inaccessible en-
vironments. The operation of the Kibble balance also makes it more
suitable than conventional mass balances for applications such as dy-
namic weighing in production processes.

As noted, Kibble balance are able to reach uncertainties of about 10
ppb at the kilogram level which is required for the realisation and
dissemination of the current mass scale. However, at the milligram level
the current state of the art is about 0.1 % due to the need to trace back to
a 1 kg standard. Using Kibble balance technology to construct electro-
magnetic or electro-static micro-Kibble balances has the potential to
improve the reliability and accuracy of small mass measurements in
areas such as pharmaceutical research, radionuclide production and
environmental monitoring. Wider application of Kibble technology to
produce SI-traceable standards in the areas of torque and radiation force
have also been demonstrated [28,29].
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5. Conclusion

The NRC Kibble balance defines the state of the art with regard to
uncertainty, reaching a level of about 10 ppb. Future focus will be on
making the apparatus more robust and easier to use and on under-
standing or minimising the changes seen in transfer standards or others
measurement systems used realise and disseminate the mass scale. Long-
term evolution of instruments and standards required for realisation
experiments can yield improved models and data that could be opti-
mally harnessed through the development of digital twins. The redefi-
nition of the kilogram can be seen as a work in progress since we have
not yet reached the foreseen final phase where individual experiments
can be used to disseminate national mass scales. However, benefits of
freedom from an artefact-based definition have already been explored
with work towards methods and apparatus to realise the SI at the point
of need already underway.
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