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Caros/as leitores/as

E com grande satisfagdo que apresentamos a primeira
edigdo especial da Espaco Q de 2026, dedicada a
destacar algumas das publicacbes técnico-cientificas
mais relevantes desenvolvidas pelo Instituto Portugués
da Qualidade ao longo de 2025.

Enquanto Instituicdo Nacional de Metrologia, o Instituto
Portugués da Qualidade (IPQ) desempenha um papel
central no avango da ciéncia da medicdo e das suas
reflete a diversidade,

aplicagbes. Esta edicdo

abrangéncia e profundidade das atividades
desenvolvidas, evidenciando contributos em multiplos
dominios cientificos e tecnoldgicos, desde areas
classicas da metrologia até campos emergentes de

elevada complexidade.

Nesta edigao da Espago Q, os trabalhos apresentados
encontram-se organizados em publicacdes em revistas
cientificas internacionais com revisao por pares, bem
como em comunicagdes e posters apresentados em
conferéncias internacionais. Nos casos em que as
publicacbes ndo estejam disponiveis em acesso
aberto, é disponibilizado o respetivo resumo (abstract).

Esta edicdo contempla um conjunto alargado de areas
de atuagado, nomeadamente a metrologia aplicada aos
cuidados de saude, incluindo instrumentagcdao e
terapias de perfusédo; as medicdes no dominio elétrico
e o desenvolvimento de componentes de elevada
precisdo; a metrologia quimica e ambiental, com
enfoque na preparacao e estabilidade de materiais de
referéncia, bem como em medigdes relevantes para a
monitorizagdo ambiental e a descarbonizacao; e ainda
a metrologia aplicada a sistemas microfluidicos,
abrangendo a caracterizagao de propriedades fisicas,
o controlo de escoamentos e 0 desenvolvimento de
técnicas avancadas de calibracdo a micro e
nanoescala.

Publicacoes de Metrologia

Destacam-se igualmente contributos na é&rea da
metrologia de fluxo e de pressdo, na avaliacdo de
desempenho de instrumentos em contextos regulados,
como os sistemas de medigdo de combustiveis e a
protecdo radiolégica, bem como estudos no dominio
da quimica analitica, incluindo medi¢coes de pH em
diferentes matrizes e a detegcdo de microplasticos
recorrendo a técnicas espectroscépicas avangadas.

Esta edicdo evidencia também avancos na metrologia
quantica e no desenvolvimento de padrdes do Sistema
Internacional de Unidades, sublinhando o papel
crescente das tecnologias quanticas na definicao e
realizagdo das unidades de medida. Paralelamente,
sdo abordados aspetos fundamentais como a
rastreabilidade das medicbes e a importancia das
comparagoes interlaboratoriais, pilares essenciais para
fiabilidade,
reconhecimento internacional dos resultados.

assegurar a comparabilidade e

Os trabalhos apresentados resultam, em grande
medida, de colaboragdes com outros Institutos
Nacionais de Metrologia e com instituigdes cientificas
e académicas de referéncia, tanto a nivel nacional
como internacional, reforgando o papel do IPQ em
redes globais de conhecimento e inovagéo.

Esperamos que esta edi¢io especial da Espaco Q seja
simultaneamente informativa e inspiradora, refletindo o
compromisso continuo do IPQ com a exceléncia
cientifica, a inovagédo e o desenvolvimento sustentavel
da Metrologia.

Boa leitura!

O Conselho Diretivo
Maria Jodo Gracga
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Therecentrevision of the International System of Units (SI)—which fixed
the numerical values of nature’s fundamental constants—has opened new
perspectives for practical realizations of Sl units. Here we demonstrate
anintrinsic resistance standard based on memristive nanoionic cells that

operateinairatroomtemperature and are directly accessible to end

users. By driving these devices into the quantum conductance regime

and using an electrochemical-polishing-based programming strategy,

we achieved quantum conductance levels that can be exploited as intrinsic
standard values. Aninterlaboratory comparison confirmed metrological
consistency, with deviations of -3.8% and 0.6% from the agreed Sl values for
the fundamental quantum of conductance, G,, and 2G,, respectively. These
results lay the groundwork for the implementation of national metrology
institute services on chip and for the development of self-calibrating
measurement systems with zero-chain traceability.

Guaranteeing reliability and accuracy of measurementsin all spheres
of humanknowledge is of ultimate priority to ensure the proper func-
tion of science and technology, and for the comfort and quality of our
daily activities. To comply with this objective, national metrology
institutes (NMls) realize, develop and maintain primary standards of
measurement units. The revision of the International System of Units
(SI) in 2019 represented a historic change of paradigm for metrol-
ogy, opening a new perspective on the mise en pratique of the Sl base

units.Indeed, Slunits are now mainly defined in terms of fundamental
constants of nature defined by fixed numerical values. These fixed
values are exact with zero uncertainty, and therefore no longer need
tobe measured. Accordingly, any experiment able to correlate measur-
able physical quantities to a fundamental constant, or a set of funda-
mental constants, fixed by the SI becomes a direct realization of the
corresponding Slunit. This new paradigm is expected to revolutionize
metrology as the science of measurement, making it possible tobring
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Fig.1|NMI on-a-chip. a, Conventional traceability chain for electrical resistance
measurements. The chain starts with acomparison of the primary standard
based on QHE with a first-level standard resistor (10 kQin the example given). In
the second step of the traceability chain, this resistor standard is used to calibrate
asecond-order level of working standards as high-accuracy multifunction
calibrators or digital multimeters. At the end of the chain, working standards

are exploited to calibrate end-user equipment. Each step of the chain resultsin
anincrease of the measurement relative uncertainty U. The relative uncertainty

Ufor the 10-kQ example goes from some parts in 10° (the uncertainty related to
the limitationsin the practicalimplementation of the quantum Hall resistance
values) to some parts in10° (the typical specifications of precise multifunction
calibrators or digital multimeters in the 10-kQ range). At the end of the chain,

we can find, for example, a hand-user multimeter with an accuracy specification
ofthe order of 1%. b, Implementation of the memristive intrinsic standard of
resistance directly in the end-user equipment, bringing NMl services on chip and
allowing the realization of self-calibrating systems with zero-chain traceability.

measurement technology and metrology out of NMiIs directly to the
end-user. In particular, the miniaturization and integration of NMI
services on chip (for example, the NIST on a Chip programme®) work-
ing according to the principles of quantum physics can enable the
realization of reliable SI-traceable self-referenced systems. In the field
of electrical metrology, quantum phenomena such as the quantum
Hall effect, the Josephson effect and single-electron transport effect
have been widely explored for the practical realization of resistance,
voltage and current electrical units, respectively’. Despite the recog-
nized performances of metrological devices based onthese quantum
phenomena, the involved large size experimental set-ups and complex-
ity of related measurements limit their realization almost exclusively
to universities and metrology institutions. Inthe framework of the S,
the fundamental quantum of conductance, G,, is a quantity having a
fixed numerical value with zero uncertainty (Supplementary Section1).
Hence, an experiment or device exhibiting a physical observable
related to G, can be exploited as a standard of resistance. Although it
hasbeensuggested that quantum effects in memristive devices could
be exploited to overcome the mainissuesrelated to on chip integration
of electrical standards’, an experimental verification is still missing.
While several approaches have been followed to obtain quantum con-
ductance levels in memristive devices®?®, their practical application
has been hindered by alack of substantial progress in programming
and controlling such quantum levels.

In this Article, we report on a programmable resistance stand-
ard based on nanoionic memristive devices working in air, at room
temperature, and implementable on chip. Besides introducing the
electrochemical polishing effect to achieve reliable quantum conduct-
ance levelsas multiples of G,, we provide a programming strategy that
enables practical exploitation of quantum conductance effects even
in presence of variability. Based on the results from aninterlaboratory
comparisoninvolving three NMIs and threeacademic/research centres,
we established consensus values of conductance states related to G,
and 2G, that deviates from Sl values by -3.8% and 0.6%, respectively.
These results establish the basis for the realization of self-calibrating
systems embedding intrinsic standards directly traceable to the SI.

NMil services on chip

Metrological traceability is afundamental requirement for any meas-
urement process and is at the base of the intercomparability and validity
of measurementoutcomes, an essential need in science and in our daily

activities. Traceability is defined as a property of ameasurement result
whereby the result can be related to areference standard through a
documented unbroken chain of calibrations, each calibration contrib-
uting to the overall measurement uncertainty®. In this framework, a
chain of calibrations (or traceability chain) ensures the link between
acommon established reference (which underpins the comparability
of measurement results) at the top of the chain and the measurement
result given by an instrument on a lower step along the chain. Uncer-
tainty increases after every step of the chain as the result of the con-
tribution of the uncertainty associated with a new measurement that
relates the instrument under calibration with the reference standard
corresponding to that step.

Figure 1a shows an example of the conventional traceability chain
for electrical resistance measurements. The reference standard for
resistance based on the quantum Hall effect (QHE) (the standard hav-
ing the highest metrological properties®**') has been established for
decades andisbased on the vonKlitzing constant Ry (ref.32). Notably,
the potential use of the quantum anomalous Hall effect in metro-
logy, which enables the realization of aresistance standard operating
at zero external magnetic field, but still at cryogenic temperatures
(~35mK) and vacuum conditions, has recently been demonstrated®.
The traceability chainrelies on acomparison of the primary standard
based onthe QHE with afirst-level standard resistor thatis thenused to
calibrate asecond-order level of working standards such as multifunc-
tion calibrators or digital multimeters. Each step of the chain results
inanincrease of the measurement uncertainty Uand, at theend of the
chain, we can find, for example, a hand-user multimeter with a specifi-
cationof the order of 1%. Each calibrationin the traceability chain must
be periodically repeated due to possible drifts of each measurement
standard caused by operating time, environmental conditions and/or
use. Thismeans cost, long periods of unavailability of the measurement
equipment and a lot of effort in the management process. Moreover,
the QHE primary method has expensive and complex systems with
highly demanding operating conditions because it need to operatein
vacuum conditions, at very low temperatures (~1K) and under high
applied magnetic fields (6-12 T) (Supplementary Section 2).

Memristive nanoionic devices, showing quantum conductance
levels that are multiples of the fundamental quantum of conductance
inair,at roomtemperature and implementable on chip, are therefore
ideal candidates to be exploited as intrinsic standards of resistance.
In this context, memristive devices make it possible to have an ‘NMI
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Fig. 2| Quantum conductance levels stabilized by electrochemical polishing.
a, Schematic representation of the SET process in a memristive cell, that s, an
electrochemically driven process additionally accelerated by the electric field
formed at the tip apex. The harsh conditions during filament growth in these
nanoscale devices, characterized by extremely high current densities exceeding
10° A cm~in conditions of high electric field acceleration (>10 V cm™), typically
led to high unpredictability and variability of quantum conductance levels.

b, The electrochemical polishing effect makes it possible to obtain more reliable
quantum conductance levels by removing/dissolving first the unstable atoms

at the contact configuration during the RESET process, but keeping the more

stable ones. In this framework, the system evolves through discrete levels of
conductance from alow-resistance state (LRS) to anintermediate metastable-
resistance state (MRS) toa QPC. ¢, Example of a cycle showing abrupt SET
obtained through a voltage sweep rate of 100 mV s and RESET with discrete
levels obtained by electrochemical polishing through a slow voltage sweep
(1.2mVs™).d. The RESET process obtained through electrochemical polishing
shows stable quantum conductance plateaus that are multiples of G,. Inset: the
stability over time of the quantum conductance plateaus while sweeping the
applied voltage.

on chip’ available where the above-described traceability chain is no
longer required (zero-chain traceability, Supplementary Section 3),
enabling the realization of systems embedding the intrinsic standard
that do notrequire any calibration (self-calibrating systems) (Fig. 1b).

Electrochemical polishing in memristive devices

Redox-based memristive devices are two-terminal nanoionics devices
inwhich anion-conductive (switching) filmis sandwiched between two
metal electrodes. The operation principle and functionalities of these
cells rely on resistive switching effects related to the formation and
rupture of ananosized conductive filament within thin films (typically
oxides or other chalcogenides) under the action of an electric field**.
As aconsequence of the progressive growth of the nanosized metallic
whisker, quantum point contacts (QPCs) have beenreported for short
circuit conditions. The latter are typically achieved during the SET pro-
cess (thatis, the process that turns the device froman high-resistance
state to a low-resistance state; Supplementary Section 4)%”?, which is
electrochemically driven, but itis characterized by extremely high
current densities and high electric fields (Fig. 2a). The electric field

even increases during operation, due to the exponentially reduc-
ing distance between the tip apex and the electrode surface during
the filament growth, until metallic contact is reached. Due to these
extreme conditions, itis practically very difficult to control the filament
growth process, resultingin large stochasticity in the shape, number of
small dendrites/needles and the effective area of the formed contact.
Accordingly, formation of QPCs is highly unpredictable and rather
large filament(s) are formed under these harsh conditions. Asaresult,
QPCs formed during the SET process largely vary in resistance value,
and/or are highly unstable, evenifformed atlow voltages and currents.
Alternatively, we propose forming QPCs during the RESET process (that
is, the process that turns the device from a low-resistance state to a
high-resistance state) in Ag/SiO,/Pt devices (Methods; details of mate-
rials and device configuration are given in Supplementary Section 5),
exploiting the effect of electrochemical polishing (Supplementary
Section 6). To obtain reliable QPC during RESET operation, after the
SET process where a large filament is formed, we applied a sequence
ofvoltages highenough to oxidize/dissolve the energetically unstable
atoms in the filament and the peripheral nanoneedles in the contact

Nature Nanotechnology | Volume 20 | December 2025 | 1884-1890
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Fig. 3| Quantum conductance levels and uncertainty budget. a, Stability of

G, and G, quantum conductance levels achieved through a program-and-verify
strategy inairand at room temperature. b,c, Repeatability of conductance values
for G, (b) and G, (c), evaluated in terms of the s.d. over consecutive measurements
ofthe programmed quantum levels, for the different NMIs and academic/
research laboratories (LABs) participating in the interlaboratory comparison
(see ‘Interlaboratory comparison’ in Methods for explanation of abbreviations).
The sample size (N, the number of s.d. values for each participant) and the
number of different devices used are presented in Supplementary Section 16.
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Inbox-plots, the midline represents the median of the N's.d. values, boxes show
the 25th and 75th percentiles, and whiskers are the 5th and 90th percentiles.

d, Reproducibility of conductance values for all participants in terms of the
mean value of Nmean values; the error bar represents the corresponding s.d.
for G, and G,. The sample size (N, the number of mean values) and the number of
different devices used are presented in Supplementary Section 16. e f, Relative
standard uncertainty components of G, (e) and G, (f), related to reproducibility,
repeatability and instrumental uncertainty for each participant.

configuration, but at the same time sufficiently low not to remove the
more stable core atoms (Fig. 2b). Using this approach, despite Joule
heating effects, we avoid high Faradaic currents and electric field accel-
eration of ionic reactions and transport, which ultimately results in
morereproducibleandreliable QPCs. During the partial RESET process,
we neither break the contact, nor dissolve the filament entirely, but
the filament is progressively narrowed, achieving G <10G,, opposite
to the abrupt SET process (Fig. 2c). In the partial RESET regime, the
stepwise conductance changes correspond to integer multiples of G,
(Fig. 2d). Importantly, the quantum conductance states prepared by
electrochemical polishing remain stable for several tens of seconds
evenunderincreasing negative voltage (Fig. 2d, inset), demonstrating
amuch higher stability and reliability compared with the QPC reached
during the SET process. Thus, electrochemical polishing allows for
predictable adjustment of stable quantum point levels, as required for
the development of a quantum-based standard of resistance. A detailed
discussion on the effect of electrochemical polishing in memristive
devicescanbefoundinSupplementary Section 7. Itisworth remarking
that the electrochemical polishing effectis best suited for memristive
devicesrelying on the electrochemical metallization mechanism (ECM),
asinour case (see Supplementary Section 8 for details).

Based on the electropolishing approach which aimed to slow
RESET transitions, a stochastic model that considers conductance
jumps ~G, accelerated by temperature (local power dissipation) and

not by the electric field is proposed (Methods and Supplementary
Section 9). This is related to the fact that redox dynamics and/or
out-diffusion of metallic species that control the filament dissolu-
tion are sufficiently suppressed during the RESET process. As can be
observed in Fig. 2¢,d, the behavioural model results nicely track the
experimental data (additional data in Supplementary Section 10).

Interlaboratory comparison

Aninterlaboratory comparison study involving three NMIs and three
academic/research laboratories was carried out with the purpose of
measuring the achieved quantum reference values (see Methods for
details). This activity included the establishment of a measurement
protocol and data processing according to international standards
andwell-recognized best practices® *. The measurement protocol was
based ona‘program-and-verify’ approach thataimed to generate and
sustain the desired quantum conductance reference levels, making it
possible toexploit memristive devices as aquantum standard of resist-
ance while dealing with conductance fluctuations. This approach con-
sists of selecting the desired discrete quantum conductance level during
the gradual step-like RESET obtained through electrochemical polish-
ing, and subsequent evaluation of the conductance level to be used as
reference value by means of aconstant applied voltage that, at the same
time, sustains the conductance state (Extended DataFig.1). Thisapplied
read voltage is expected to stabilize the quantum conductance state
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Fig. 4|Resistance standard. a,b, Mean values of resistance standards based
on memristive devices and corresponding expanded uncertainty (error bars)
evaluated in different NMlIs and laboratories (LABs) for G, (a, left) and G,

(b, left). Thered line is the consensus value G, of the participant’s results, the
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red shadingis the corresponding expanded uncertainty U(G.,,,), and the black
dashed line shows the G, and 2G, Sl values. Right: the normalized error £, of each
participant exploited to qualify results with respect to the consensus value.

by exerting quantum pressure forces due to recoil of flowing charge
carriers that stabilize atomic-scale filaments and, thus, the quantum
conductance level*®. The program-and-verify approach reported here
doesnotaimtofine-tune the deviceresistance asin conventional pro-
gramming schemes for in-memory computing®, but rather to nudge
the device towards the quantum conductance operational regime
while checkingif the desired quantum conductance levelis achieved.
Note also that a similar program-and-verify approach is convention-
ally exploited for the practical realization of a d.c. voltage standard
based on the Josephson effect to appropriately select the desired
voltage level to be used as the reference standard (Supplementary
Section11)*°. Figure 3a reports examples of devices programmed in air
and atroom temperature through the program-and-verify approach at
G,and G, conductancevaluesrelated tothe G,and 2G,quantum states,
respectively. This program-and-verify approach makes it possible to
achieve and sustain quantum conductance levels for up to 16,000 s
(Extended DataFig. 2). A comparison of the stability of quantum con-
ductance values with previous works, including acomparison of device
structures, switching mechanisms and programming approaches, is
reported in Supplementary Section12.

For theinterlaboratory comparison, each laboratory performed
aseries of programming levels, and for each programmed level atime
series of conductance measurements was carried out. For each time
series, amean value of the measurement conductance was evaluated.
Therepeatability was defined as thes.d. of the time series values (Meth-
odsand Supplementary Section13). The reproducibility of the conduct-
ance value was defined as the s.d. of the mean values corresponding to
each programming level. The uncertainty related to the measurement
equipment was extracted from the instrument specifications and
measurement conditions (Methods and Supplementary Section 14).
The repeatability, reproducibility and uncertainty of the experimental
set-up all contribute to the overall uncertainty. The complete set of
measurements is reported in Extended Data Figs. 3 and 4. The valida-
tion of the programming methodology is detailed in Supplementary
Section15.

Figure 3b,c shows consistent repeatability in all laboratories in
terms of the distribution of s.d. values for G, and G,, respectively. No
significant trends were observed in the s.d. as a function of the meas-
urement timeinterval, showing that the contribution of repeatability
to the measurement result can be evaluated based on consecutive
measurements performed at relatively short time intervals, <100 s
(Extended Data Fig. 5). This means that, for practical applications, it

is possible to exploit the programmability of the memristive cell by
on-demand programmingiton the desired quantum conductance level
whenrequired without the need oflong-term stability of the filament.

Figure 3d reports for each participant the meanvalue of the meas-
ured mean values and the corresponding s.d. of mean values of the
considered quantum levels, and shows comparable reproducibility of
programmed quantumlevelsinall the laboratories. As can be observed,
the results for G, and G, are statistically consistent with expected G,
and 2G, quantum values and no s.d. values can be observed among
the laboratories, revealing that laboratory-to-laboratory variability
can be considered negligible compared with the variabilities related
to the reproducibility of quantum steps. In addition, it can be observed
that cycle-to-cycle variability dominates over device-to-device vari-
ability (Supplementary Section 16). The cycle-to-cycle variability can
be attributed to the peculiar dynamic trajectories of nanofilament
reconfiguration leadingtoslightly different atomic configurations near
the quantum point contact, resulting in slight variations of quantum
conductance levels around integer multiples of G,, as analysed in a
previous work*. Similarly, slight deviations from integer multiples of
G, were previously observed also in mechanically controllable break
junctions***,

Figure 3e,fshows results for the estimation of therelative standard
uncertainty components related to reproducibility, repeatability and
measurementequipment of each partner for values of G,and G,, respec-
tively. The figure shows that the component of uncertainty related to
reproducibility isdominant. In terms of percentage, higher reproduc-
ibility and repeatability can be observed when considering values of
G, withrespect to G, (Fig. 3e,f). However, statistical results show no
significant discrepanciesin terms of reproducibility and repeatability
betweenthe G,and G, conductance states when considering absolute
uncertainty component values (Extended Data Fig. 6). Although the
contribution from the uncertainty related to the measurementequip-
mentis comparable among all laboratories, it is not negligible.

Memristive devices as astandard of resistance

A consensus value G, and its corresponding expanded uncertainty
U(G,,n) Were established based on the participant’s results for the inves-
tigated quantum conductance plateaus’®”. The aim of establishing
aconsensus value is to investigate a possible systematic deviation
withrespect tothe exact quantization value. We choose as an estimate
for G, the weighted mean of the values measured by participants®,
while the combined uncertainty of the consensus value U(G,,,,) was
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estimated based on the participant’s combined uncertainties, which
take into account all sources of uncertainties previously discussed
and the coverage factor k calculated for a confidence level of 95% (see
Methods for details). The normalized error E, expresses the consist-
ency of the results obtained by each participant with the consensus
value®?* (see Methods for details). Mean values of quantum levels
with the corresponding expanded uncertainties for all laboratories
and normalized error with respect to the consensus value for G, and
G, arereported in Fig. 4a,b, respectively. The evaluation of |E,, | values
(<1.0forall participants) shows that the measured conductance values
belong to consistent datasets (Fig. 4a,b, right). G, was calculated
tobe (0.962 + 0.043)G, and (2.012 + 0.051)G, for G, and G,, respec-
tively. It turns out that the error of the consensus values for G, and
G,is—3.8% and 0.6% with respect to the expected G, and 2G, Sl val-
ues, respectively. In summary, consensus values agree with Sl values
because their deviation from Sl values is well covered by the expanded
measurement uncertainty.

Conclusions

In this work, we demonstrated an intrinsic and programmable resist-
ance standard, based on quantum physics, that, at the cost of higher
uncertainty with respect to conventional standards based on QHE,
operates in air, at room temperature and can be miniaturized down
to the nanometre scale. This standard has the significant advantage
of low operating voltages (of the order of 10 mV) and low operating
currents (of the order of 1 pA) during reading operations that are ide-
ally suited for practical applications. It is worth mentioning that, even
ifelectrochemical processes underlying filament formation/rupture
areaffected by temperature®, electronic transport phenomenaleading
to quantum conductance levels arising at the QPC is theoretically not
affected by temperature and, in principle, traceability of the physical
observable is not affected when the device is operating at different
temperatures (Supplementary Section 17). All these characteristics
enable the realization of an intrinsic quantum standard of electrical
resistance/conductance that canbe made available at the lower levels
of the presently adopted traceability chain and canbe directly imple-
mentable on chip, opening new opportunities for metrological trace-
ability of electrical quantities. This makes possible its incorporation
into any type of electronic measurement instrumentation, including
multimeters, resistance bridges, temperature bridges, voltage divid-
ers, voltage amplifiers, current amplifiers, temperature controllers,
reference resistors inanalogue-to-digital converters, etc. By means of
autocalibration and autoadjustment processes, the on-chip standard
allows the realization of electrical equipment with zero-chain trace-
ability. In this context, it must be acknowledged also that a standard
of resistance coupled with avoltage standard canenable the practical
realization of a current standard according to the Bureau International
des Poids et Mesures.

At the present stage, the deviations of quantum conductance
states of memristive devices with respect to Sl values are higher than
theaccuracy required by primary metrology achieved in NMIs. Never-
theless, the availability of on-chip realization of the resistance standard
can find applications (at lower levels of the traceability chain) where
the periodical calibration of meters or sensors becomes inconvenient
or impossible, and measurement traceability must be maintained
over years or decades, in the spirit of the ‘NMI-on-a-chip’ paradigm.
Examples lie in space applications, marine offshore environments,
underground probes, sensing in remote locations, sensing in harsh
environments and sensor networks.

For all these applications, several strategies can be exploited to
improve the actual accuracy. From the device point-of view, further
engineering of involved materials and stacked configurations com-
bined with arefinement of the measurement protocol can be exploited
toreducethe cycle-to-cycle variability, whichis the dominant contribu-
tion to uncertainty. For example, the host matrix canbe engineered to

promote electrochemical dynamics leading to only selected atomic
configurations closely related to the G, Sl value. Further strategies to
reduce stochastic effects related to cycle-to-cycle variability, to
improve the stability of the filament and to reduce conductance drifts
over extended timescalesinclude (1) optimizing the sweep rate during
electrochemical polishing, (2) combining electrochemical polishing
withapartial RESET process to reduce stochastic effectsrelated to the
formation of acompletely new filament during each SET/RESET opera-
tion, and (3) electropolishing of the filament in a small voltage window
after programming (here the strategy is to vary not only the total volt-
age range, but also components in the positive and negative voltage
sign and the sweep rate) (Supplementary Section 7). Moreover, for
practical applications, the accuracy can be improved by using ninde-
pendent devices in parallel to produce an average value of quantum
levels that could improve variability by an order of 4/n. Similarly, a
viable strategy includes also the mitigation of variability by mediating
among multiple realizations of the same desired quantum conductance
value, by leveraging the device programmability.

While the on-chip implementation of aresistance standard based
on memristive cells necessarily requires additional circuitry to drive
and control its operations, the complexity and costs of this control
circuit (which canbe easily miniaturized through conventional comple-
mentary metal-oxide-semiconductor technology) is significantly lower
thanthe complexity and costs associated with the maintenance of the
traceability chain and routine calibrations based on the conventional
QHE-based resistance standard. In this context, we envision that the
practicalimplementation of the self-calibration concept can be based
on the artefact calibration paradigm*¢, where an on-chip memristive
cell coupled with a mixed-signal application-specificintegrated circuit
that takes care of cell programming/reading could replace the exter-
nal reference standard. For all these purposes, the circuit design can
exploit the here-described behavioural model of memristive devices
workinginthe quantumregime which canbeimplemented in conven-
tional circuit simulators.
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Methods

Device fabrication

Memristive devices were fabricated by sandwiching aSiO, insulatorin
between a platinum bottom electrode and a silver top electrode. The
choice of silver as the top electrode is based on its electrochemical
activity which allows dissolution of silver atoms and migration of Ag*
ions atlower voltages compared to other noble metals, while platinum
was chosen as the counter-electrode because it is electrochemical
inert (details on the selection of materials and device configuration
canbe found in Supplementary Section 5). The pad structure devices
were fabricated onathermally oxidized silicon substrate starting with
the d.c. magnetron sputtering deposition (power, 200 W) of a TiO,
(10 nm) adhesionlayerand a platinum (100 nm) bottomelectrode. The
homogeneous SiO, film (20 nm) with a purity of 8N was deposited by
radiofrequency (RF) magnetron sputtering with asputtering power of
150 Win a processing gas mixture of 9 sccm argon and 1 sccm oxygen
at 150 °C. Note that the choice of the 8 N SiO, matrix is related to the
very low level of impurities, a potential disturbing factor for achieving
controlled conductance states. Also, the resulting SiO, is rather stoi-
chiometric and chemical and physical interactions with silver are not
thermodynamically favourable. Following switching layer deposition,
feature sizes of 50 x 50 pm? were patterned by negative photolithog-
raphy. Then, the Ag (20 nm) active top electrode was deposited by
e-beamevaporation withadepositionrate of 0.0l nms™, followed by a
d.c.-sputtered platinum (50 nm) capping layer. The role of the capping
layeristo preventdegradation of the silver active electrode over time
asrequired for long-termuse of the device. A standard lift-off process
was utilized for the final cleaning of devices, obtaining an Ag/SiO,/Pt
cell with a top electrode size of 50 x 50 pm?.

Device modelling

Departing from the experimental observation of well-defined con-
ductance jumps and states, we model the RESET transition (the SET
transition is also considered for generality) as a random generation
of eventsrelated to the destruction of single quantum mode channels
with conductance ~G,. This is a stochastic version of a continuous
behavioural compact model*” which has been successfully applied
to memristors with different material systems, different switching
modes (bipolar, unipolar, complementary and threshold switching)
and for the SPICE simulation of neuromorphic circuits. The stochastic
version of the model presented here was recently applied to valence
change memory devices which show variability, but not quantum
conductance jumps*®.

Thestochasticresistive switching model follows Chua’sapproach*
to memristors and is based on two equations, one for the current and
one for the internal memory variable. In our case, the memory state
variable is the number of conducting channels, n, each of these
channels contributing ~G, to the filament conductance. In a naive
interpretation, each of these channels can be considered either as
‘atomic chains’ or as ‘quantized quantum transport modes’ in the fila-
ment constriction. This is a simple implementation of the Landauer
theory for ballistic transport through an atomic-size constriction®. We
consider that the SET/RESET transitions occur by successive discrete
conductance jumps (events) corresponding to the creation/destruc-
tion of single conduction channels. For simplicity, we assume that
each switching event increases or decreases the conductance by the
same amount. However, this might not be completely realistic because
several channels can be created/destroyed at the same time. During the
RESET transition, we will consider that each jumpis |AG| = G,. Given the
experimental results, we impose that the first SET event is abrupt so
that the device reaches the compliance limit in a single conductance
jump. The creation/destruction of single channels will occur at random
times during the application of the external electrical signal (voltage/
current). For the sake of generality, we limit the number of channels
to N, This parameteris related to the maximum area of the filament

created during electroforming. Under these conditions, the proposed
memory equationis:

dn, _ Mmax —Neh  Meh )
de Ts TR

where the two terms of the right-hand side (RHS) represent the SET and
RESET transitions, and 75 and 7, are the SET and RESET characteristic
times, respectively. Because the SET transition resembles the dielectric
breakdown process andis strongly accelerated by the electricfield, an
exponential voltage dependence for 7gis assumed:

T5(V) = 150 exp [—ys(V = IRs)] (2)

where ys is the acceleration factor, g, is the time scale prefactor, / is
current, Visvoltage and R is the series resistance. On the other hand,
consistently with the electropolishinginterpretation, the RESET transi-
tionisassumed to be controlled by the oxidation/reduction dynamics
and/or by the out-diffusion of species to the filament surroundings.
Because both processes are strongly accelerated by temperature, we
neglect voltage acceleration (as discussed within the electropolishing
interpretation) and we only consider thelocal temperatureriserelated
to the power dissipated in the filament, P = /(V—IRs). Assuming an
Arrhenius temperature dependence as a first-order approximation,
the characteristic RESET time, 7, can be described as:

E,
TR (V) = tro €Xp [m] 3)

where 1, is the RESET scale prefactor, £, is the activation energy, Kj is
the Boltzman constant, T is the external temperature and Ry, is the
thermal resistance. The thermal resistance has been described in the
literature in terms of two parallel paths for heat evacuation®.
Thelongitudinal thermal resistance, R, corresponding to heat trans-
portalongthe channel (related to the electrical conductivity) and the
transverse resistance, Ry, associated with heat transport towards the
surrounding material. The latter is independent of the filament
sizetothefirstorder, while R, isinversely proportional to the filament
area, represented here by n.,, which is proportional to the area.
Thus, we canwrite R, = K, /n., where K| isaconstant. The total thermal
resistance is given by the parallel combination of R, and R;, so that
Ry = (KLRy) / (nsnRy + Ky). Itis worth remarking that we included only
description of thermal dissipation with aphenomenological approach
based on macroscopic parameters such as thermal resistances. While
inprinciple quantum thermal effects cannot be ruled out, experimental
works pointed out that these effects only become not negligiblein the
low-temperature regime®, thatis, far away from the room temperature
conditions of our work.

Because 75 has a strong exponential dependence on voltage, it
emergesthat rs < 1 for positive voltages and ts > 7z for negative volt-
ages. Because of this, we can separately consider the SET and RESET
transitions with two separate differential equations. One for the SET:

dnch Nmax — Nch
= —max 7 7ch 4
de Ts @
And one for the RESET:
dnch N
=—-— 5
dt TR ©

Asfarasthe currentis concerned, we have considered:

nchGO

1(v) = %o
2 1+ ngpGoRs

V+ Iy sinh[7(V—=IRs)] (6)
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where nis a shape parameter related to the potential barrier at the
constriction when there are no conducting channels. The first term
corresponds to the conduction through the n,, channels, and the
second to the background tunnelling regime, that is, when the fila-
ment has a gap. Although the considered voltage dependence of the
background current can be discussed, this is not relevant to our work
because we focus on situations where thereis at least one conducting
channel with a conductance which is generally much larger than that
of the background. Finally, notice that n., couples the current and
memory equations.

For the generation of random events, we follow an ‘on-the-fly’
method. Ifthe number of events (conductance jumps) is n(t), the event
generationrateis A(¢) = dn(¢) /de. During the SET transition, n., = n ()
so that A(¢) = dn.,/dt, while during RESET ng, = np. —n(f), so that
A(t) = —dng,/dt. Thus, the event generation rates can be obtained from
equations (4) and (5) so that As = (n,,,, — nch)/Tsand Az = ne/7z during
SET and RESET, respectively. Since n,,,, > nc,atany time, bothgenera-
tionrates are always positive asthey must be. For the RESET transition,
we will depart from an initial number of channels, n,,,, which are the
ones generated during the previous SET transition.

The events are generated with a random number u uniformly
distributed between O and1alongthe simulation time. The simulation
time is discretized in steps At which are small enough so that A(t) can
be assumed tobe constant during At.It can be shown thatunder these
conditions, the random time to a subsequent event at time ¢ is
At, = —In(u)/A(¢). During the simulation, if A, < Ataneventisgenerated
at time ¢, otherwise, the event is rejected. Details on modelling are
discussed in Supplementary Section 9.

Interlaboratory comparison

An interlaboratory comparison involving six participants was car-
ried out for the electrical characterization of quantum conductance
levels in memristive devices, with the aim of testing the intrinsic
standard of electrical conductance (or resistance) and for evaluat-
ing laboratory-to-laboratory variability. For this purpose, samples
assumed to be identical were distributed among participants and a
common measurement protocol was defined. The participants were
the following institutions: Istituto Nazionale di Ricerca Metrologica
(Italian Institute of Metrology, NMI 1), Instituto Portugués da Quali-
dade (Portuguese Institute of Metrology, NMI 2), Turkiye Bilimsel ve
Teknolojik Arastirma Kurumu (Turkish Institute of Metrology, NMI 3),
Forschungszentrum Juelich GmbH (LAB 1), Fundaciéon IMDEA Nano-
ciencia (LAB 2) and Politecnico di Torino (LAB 3).

Measurement protocol

Theequivalence of the measurements across the different laboratories
was ensured by establishing and agreeing ameasurement protocol that
defines standardized measurement conditions to program, accept
and stabilize the quantum conductance level, and defines the meth-
odology to measure its conductance value under steady conditions
(an example of the device programming methodology is reported in
Extended Data Fig. 1). The generation of the quantum conductance
states is achieved by running sequential SET/RESET cycles where an
applied voltage to the two terminals of the device is swept between
+1.5Vand-0.9 V.The positive part of the sweep (SET cycle) hasasweep
rate of 96 mV s (voltage steps of 50 mV). The negative sweep (RESET
cycle) has a slower sweep rate of 2mV s™ (voltage steps of 1mV). The
current compliance was established as 500 pA and 10 mA for the posi-
tive and negative cycles, respectively. The voltage at the terminals
of the device and the current that flows through it are continuously
measured over SET/RESET cycles, and the corresponding conductance
state is obtained for each applied voltage step. The formation of the
quantum conductance steps during the RESET is continuously veri-
fied and a criterion to detect and accept G, and G, conductance states
related to G, and 2G, quantum values, respectively, was established.

Ifthe last five consecutive measurements of the conductance state lay
within either G, + 0.5G, or 2G, + 0.5G, (censoringinterval), the sweep
RESET cycleisinterrupted, and a continuous read voltage of 10 mV is
applied. The measurement of the step conductance value starts under
this fixed applied control voltage and continues as long as it remains
intheintervals[0.5G,; 1.5G,] or [1.5G,; 2.5G,]. The measurements were
made at room temperature and under normal environmental condi-
tions. The equipment used was a source meter (different equipment
was used by the participants, asdetailed in Supplementary Section14)
inautorange mode. The above-described methodology makes it pos-
sible to deal with the stochasticity of the conductive filament for-
mation process establishing an initial limit to the variability around
the nominal values of the desired quantum conductance steps (the
validation of this programming methodology is discussed in Supple-
mentary Section 15). Note that all measurements not strictly following
the established comparison protocol were not considered for the
interlaboratory comparison.

Evaluation of results and uncertainty budget
The evaluation of the average value and the variability of the pro-
grammed quantum steps was made from the observation of the meas-
urements taken under repeatability and reproducibility conditions
(described in appendix 2 of ref. 4). Here, repeatability conditions are
understood as measurements of a specific device taken consecutively,
while reproducibility is considered as the variability of the measure-
ments taken from cycle-to-cycle operation of a specific device and
programmed state as well as from device-to-device operations.
Foreach participant,j, the arithmetic mean and the experimental
standard deviation were calculated for each series i of n; values:

_ 1 &
Gi=—> Gy 7)
o
1 & = \2
Sj,,' = Z (Gi,a — Gj’,‘) (8)
n;—1 a=1

Thes.d.givenby equation (8) is an estimate of the repeatability>>*
associated with seriesiof aprogrammed quantum conductance state
measured by participanty. Only series witha minimum of 30 consecu-
tive values and limited to a maximum of 100 values were considered
as a fixed condition in this data evaluation (Supplementary
Section13). As each participant measured N, series and there are series
with different numbers of values, a polled standard deviation® Sﬁ,,- is
calculated based on the following equation for its variance:

N!
, Y (i =1) x 5?.1' ©
50 = N
Z,':l (ni - 1)

sp, jistherefore aweighted average of the N ;s.d. where the number
of degrees of freedom (n; — 1) is the weight of each series.

Foreach participant, an average of the mean values obtained from
the N series and the experimentals.d. is calculated as:

N,

(10)

i
1

(1)

Theevaluation of the reproducibility of the programmed quantum
conductance steps was based on the s.d.**** given by equation (11).
Because the values obtained by each participant for each step are from
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different cycles and different devices, the reproducibility obtained is
theresult of cycle-to-cycle and device-to-device variability.
The measurement of quantum conductance states associated with
each participant is expressed by the following measurement equation:
Gj=Gj+Sj+sp,j+ej (12)
where 5, is the mean value calculated by participant}, S;is the related
experimentals.d.according to equations (10) and (11), s,, ;is the repeat-
ability of the measurementsaccording toequation (9), and¢;isthe error
related to the accuracy of the measurement equipment used. It is
assumed that these input variables are statistically random variables
where §;, s, ;and e; have an expectation value equal to zero and as.d.
estimated based onthe experimental values presented before (S;ands,, ;)
andin the manufacturing specifications of the equipment used (fore)).
Note that random effects, including cycle-to-cycle variability but also
variations related to small variations in the room temperature, humidity
levels or even small fluctuations from the measurement set-up, are
includedinthe estimation of the uncertainty component of the quanti-
tiesS;ands, ;, evenifeach specific contribution hasnotbeendisentangled.
The measuring uncertainty of G;canbe estimated by applying the
law of propagation of uncertainties™ to equation (12):
u?(Gy) = u (S)) +u (sp,) + 4 (e) 13)
where u? (x)isthe variance (square of standard uncertainty) associated
with the variablexand uz(Gj) isthe square of the combined uncertainty
of G
The standard uncertainties of S;and s, ; are estimated by the cor-
responding s.d. of the mean:

(14)

1
u(s) = =5,

\ NJ
u(sy) = ! s
p.j) T T ———p.Jj
NOWACHLT

Therelative standard uncertainty of ¢;is calculated from the com-
bined relative uncertainty of the measurement of the voltage, u? (U),
and current, u? (/):

(15)

U (e) =+/uf (U) +ui () (16)

Therelative uncertainties of the measured voltage Uand current
lare estimated assuming arectangular probability distribution for the
voltage and the current measuring error with the plus/minus limits
given by the manufacturing specifications of the equipment, usually

identified as ‘accuracy’ (Supplementary Section 14):

1 Uaccuracy
u(U)=— 17)
r '—3 U
[/
ur (I) _ 1 accuracy (18)

\/5 1

Following the international recommendation to express the
final measuring uncertainty with a coverage probability of approxi-
mately 95%°*”, the expanded uncertainty U(G) is calculated following
the equation:

U(G;)=kxu(G)) 19)

where kis the coverage factor calculated according to annex G of ref. 55.

Evaluation of consensus value

Theevaluation of the results achieved by the participants was done by
comparingindividual results with a consensus value***. The consensus
value is established based on all results from the participants®, using
aweighted average of their values™:

6 6
Geons = (Z w; X Gj> /(Z LUj) (20)
J=1 J=1
where the weighting factors are given by:
w;= 1/112 (Gj) (21)

The combined uncertainty of the consensus value is estimated
based on the participant uncertainties as follows:

6
U (Geons) = I/Z w;
\ j=1

And therelated expanded uncertainty is given assuming a cover-
age factor k=2 (ref. 35):

(22)

U(Geons) = 2xu (Gcons) (23)

Toidentify an overall consistency of the results produced by this
approach, a chi-square test was applied to the input values™:

ngs = Z; [(Gj - Gcon5)2/“2 (Gj)] (24)
=

The result of the test is considered to fail if Pr{y? (v) > x2, } < 0.05
where Pris the ‘probability of”, 2 (v)is the expected theoretical value
of a chi-squared distribution for v, and v is the degrees of freedom,
which is the number of input values n minus 1 (in this case, 5). If the
consistency check does not fail, then G,,,, canbe accepted as the con-
sensus value and U(G,,,,;) canbe accepted as its expanded uncertainty.
Values obtained for the interlaboratory comparison were x2, =63
and x*(5) = 11.1.As x%, _ < x?(5;0.05), the consistency of the participant’s
values and the calculated consensus value was demonstrated, thus the
obtained G, is the consensus value and U(G.,,,) is its expanded
uncertainty.

To qualify the result of each participant related to the consensus
value, the normalized error®>”, E, ;, was calculated by:

Eqj= (GJ - GconS)/\/ L2 (Gj) -V (Geons)

Thevalue of £, ;has the following meaning:if |E, ;1< 1.0, theresult
is consistent (passed); if |E, ;| > 1.0, the result is inconsistent (failed).
For all participants, results were observed to be consistent with the
established consensus value. Based on statistical analysis, higher values
of |E, ;| (evenifalways<1.0) cannot be ascribed to eventual systematic
errors affecting the measurement that are not being adequately cor-
rected or considered in the evaluation of measurement uncertainty.

(25)

Data availability

Thedatathatsupportthe findings of thisstudy are available via Zenodo
athttps://doi.org/10.5281/zenodo.16788655 (ref. 58). All other dataare
available from the corresponding authors.
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Extended DataFig. 1| Program-and-verify approach to program the device

to the desired quantum conductance levels. This approach consists in the
following steps: i) SET of the device through a positive voltage sweep cycles
inbetween 0 and 1.5V (sweep rate of 96 mV s™, compliance current of 500 pA
externally controlled to avoid hard breakdown of the device) (red shadowed
region); ii) RESET the device through a negative slow voltage sweep 2 mVs™)
from O down to-0.9 Vto achieve a step-like decrease of device conductance due
to quantum conductance effects (blue shadowed region); iii) READ of the desired

T T

400 600

Time (s)
quantum level with a continuous constant voltage, if the exit condition has been
satisfied during the RESET step, the RESET cycleis interrupted and the control
changes to a continuously positive read voltage of 10 mV (grey shadowed region).
The exit conditionis considered satisfied if the device exhibits during the time
series at least 5 consecutive conductance measurements in the desired quantum
level + 0.5G,. Note that the device is continuously cycled until the desired
quantum level has been obtained. a, Programming voltage; b, measured current;
¢, the device conductance.
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Time (s)
Extended Data Fig. 2 | Stability of programmed quantum conductance levels. Dashed lines represent the G, reference value. Quantum conductance levels in
a.Example of aquantum conductance level measured at NMI1observed to be panelsaand b have been obtained through the program-and-verify approach,
stable up to 2000 s under constant voltage reading of 10 mV (initial data are with negative voltage sweep for gradual RESET of 2mVs™and

reported in Fig. 3a). b. Example of a quantum conductance level measuredatNMI 80 mV's™, respectively.
3observed tobe stable up to 16000 s under constant reading voltage of 10 mV.
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Extended DataFig. 3| G, conductance plateaus related to the G, quantum
level from the interlaboratory comparison. Each data point is the mean value
and error bar is the standard deviation representing the repeatability evaluated
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overn (30to100) repeated measurements of the same conductance value. Red
dashed lines represent boundaries of the exit condition of the program-and-
verify approach, while grey line represents the G, reference line.
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Extended DataFig. 4 | G, conductance plateaus related to the 2G, quantum
level from theinterlaboratory comparison. Each data pointis the mean value
and error bar is the standard deviation representing the repeatability evaluated
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Extended Data Fig. 5| Measurement repeatability and time interval of
consecutive measurements. Repeatability in terms of the standard deviation
of n consecutive measurements evaluated for conductance levels related to
2G, (panela.) and to G, (panelb.), for ameasurement time up to 100 s. Each
point has been evaluated by programming the device to a desired programmed
quantum level and then evaluating the standard deviation of n (30 to 100)
consecutive measurements of the conductance step. Graphs have been
obtained through aggregated data analysis of results obtained by different
labs in the interlaboratory comparison. In case of equal number of consecutive

measurements, different measurement time intervals arise from different
sample rates of measurement arising from different experimental equipment
and their configuration parameters (for example NPLC - Number of Power

Line Cycles, Filter, etc) exploited for the interlaboratory comparison. As can be
observed, nosignificanttrend can be observed in the standard deviationasa
function of the measurement time interval, suggesting that the repeatability can
be evaluated based on consecutive measurements performed on a small-time
interval.
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The lack of established protocols and standards for calibrating flow measuring
instruments operating in the microflow range raises concerns about the reliability
and precision of such measurements results. This work focuses on developing
and improving innovative calibration methodologies to enhance the accuracy of
microflow and nanoflow measurements. The gravimetric method already
implemented at IPQ from 120 pL/h to 2000 mL/h was used and improved for
low flow rates down to 10 plL/h. Additionally, three other optical methods were
developed to calibrate micro/nano flows in a non-intrusive way: the
interferometric, pending drop and front track. The methodology best suited
for each specific flow instrument (e.g., syringe pumps and flow meters) and each
for measurement range, with the lowest uncertainty, was successfully identified
during this work. Also, it was possible to increase the measuring range of the
Portuguese Institute for Quality—Volume and Flow Laboratory (IPQ-LVC) down
to 5 nL/min (0.3 pL/h) with a 3% target uncertainty (k = 2). This was not only
achieved but improved further with the interferometric method, where
measurements were performed down to 1.6 nlL/min (0.1 plL/h) with 2%
uncertainty (k = 2). Furthermore, this method was external validated by a
comparison performed under the EURAMET project 1508. The methodologies
here described were the basis of the development of EURAMET gquide cg 27 -
Guidelines for the Calibration of Drug Delivery Devices and Infusion Device
Analysers. This document provides standardized procedures for testing
microflow and nanoflow instruments aiming to improve the accuracy and
comparability of measurement results.

calibration, uncertainty, flow, validation, methods

1 Introduction

Metrology, the science of measurement, plays a crucial role in ensuring the accuracy and
reliability of flow measurements across various applications. Flow measurements are
essential in numerous fields, including healthcare, pharmaceuticals, environmental
monitoring, microfluidic technology and industrial processes. Accurate flow
measurement is vital for maintaining product quality, ensuring safety, and optimizing
performance but most of the instruments used to measure flow rate, especially in health
applications and particularly those operating at the micro and nanoscale, have not been
sufficiently studied regarding their flow accuracy and traceability. This lack of
comprehensive research and validation raises concerns about the reliability and
precision of these measurements, which are critical for ensuring patient safety and
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the absence of
these
instruments at such low flow ranges exacerbates the issue.

effective treatment outcomes. Furthermore,

established protocols and standards for calibrating
Without standardized calibration procedures, it is challenging to
verify the accuracy of flow measurements, leading to potential
discrepancies and inconsistencies in the results. Addressing these
gaps through rigorous studies and the development of robust
calibration methods is essential for advancing the reliability and
efficacy of flow rate measurements. In this work, new methodologies
for calibration of syringe pumps, flow meters and microfluidic chips
were developed and validated. The primary objective of this work is
to enhance the gravimetric procedure described by Bissig et al.
(Batista et al., 2020a) and to develop three innovative methods to
ensure the traceability of micro and nanoflow measuring
instruments. These instruments are increasingly being introduced
to the market and are used in various applications, such as
healthcare.
employed to measure flow, including gravimetry and newly

In this work, various calibration methods were

developed techniques such as interferometry, pending drop, and
the front track method. The front track method, in particular, was
also described by Ogheard et al. (Bissig et al., 2015).

The gravimetric method, currently used at the IPQ-LVC laboratory,
was improved and the lower limit 120 uL/h was extended to 10 pL/h. In
the interferometry technique, an interferometer is used to measure the
distance travelled by a pusher block of a syringe pump, over time, to
determine the flow rate. The pending drop method uses high-resolution
cameras to determine the growth of a drop over time. In the front track
method, the cameras follow the meniscus of the liquid displacement in a
close tube over time.

The methods developed in this work were validated internally or
externally by the participation of IPQ-LVC in the EURAMET pilot
project 1508 (Batista et al., 2020b).

The information described in this paper was the basis for the
development of EURAMET guide cg 27 - Guidelines for the
Calibration of Drug Delivery Devices and Infusion Device
Analysers (EURAMET guide cg 27, 2024).

The development of the new methods has also allowed flow
measurements (Batista et al, 2024) to be extended to another
field-microfluidics and led to the publication of a new
EURAMET Technical Guide 4 - Evaluation of flow related
quantities in microfluidic devices (EURAMET, 2024).

2 Methods

The gravimetric method, interferometric method, front track
and pending drop method were used to calibrate various microflow
measuring instruments, namely, syringes pumps, flow meters and
microfluidic chips in different flow ranges. The results were
compared in terms of % of error and uncertainty mainly due to
manufactures specification information. In general, 20 to 30 points
were collected in each performed test.

2.1 Gravimetric method

The primary method used for flow determination is the
gravimetric method (EURAMET, 2022), which involves weighing
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FIGURE 1
Gravimetric schematic of the flow circuit. The fluid goes from a

glass syringe (B) of a flow generator (A) to the balance (E) through
tubing (C) that is immersed in the weighing vessel (F) that is inside an
evaporation trap (D).

the mass of water delivered over a fixed period (Figure 1). The flow
rate is calculated as the quotient of the mass of the reference liquid,
typically water with specific characteristics, and the time interval,
with corrections for buoyancy, evaporation, and fluid properties.
This method is widely adopted by several National Metrology
Institutes globally and is applied across a broad range of
applications.

At TPQ, a microflow setup was developed, consisting of two
different assemblies using METTLER balances: an AX 26 with a
resolution of 0.001 mg and a maximum capacity of 20 g, and an XP
2015 with a resolution of 0.01 mg and a maximum capacity of
220 g. In both assemblies, mass and time data are acquired and
statistically processed using an application developed in
LABVIEW software. Several tube diameters from 0.09 cm to
0.32 cm and different types and sized of plastic and glass
syringes were used in the setup.

The setup was applied to calibrate syringe pumps, flow meters
and microflow chips. The uncertainty components of this method
are described in Table 1. The uncertainty calculation was
determined based on the Guide to the expression of uncertainty
in measurement, GUM (BIPM et al., 2008) and can be found in
detail in (Sousa et al., 2021).

2.2 Interferometric method

The interferometric method developed (Batis et al, 2020)
incorporates a laser unit (Hewlett-Packard, model 5528 A)
operating at 633 nm, with signal processing managed by a
LABVIEW script specifically developed for this purpose. The
optical arrangement consists of two retroreflector cubes,
complemented by a control unit, a pusher block, a flow
generator, and a syringe. Figure 2 illustrates an example of the
experimental setup.

In practice, the flow generation was accomplished by a stepper
motor that drove a screw connected to a pusher block that itself
pushed the syringe piston. One of the reflector cubes was added on
top of this pusher block.

Knowing the internal diameter of the syringe (made of glass or
plastic) with very high precision (see 2.5), the travelled distance, and
the time needed for that travelled distance (elapse time), it is possible

to calculate the flow rate of the fluid inside the syringe.
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TABLE 1 Uncertainty components of the gravimetric method.

10.3389/fnano.2025.1600426

Uncertainty components Standard uncertainty Evaluation process Distribution
Temperature of the water u(T) Calibration certificate Normal
Density of water u (pw) Literature Rectangular
Density of air u (pa) Literature Rectangular
Density of mass pieces u (pg) Calibration certificate Normal
Initial time u (t;) Estimation (1 ps) Rectangular
Final time u (t) Estimation (1 ps) Rectangular
Initial mass u (Ig) Calibration certificate Normal
Final mass u (Ip) Calibration certificate Normal
Expansion coefficient u(y) Literature Rectangular
Evaporation 1 (6Qeyap) Standard deviation of the measurements Normal
Buoyancy u (8Qbuoy) Calibration certificate (depends on the radius determination) Normal
Repeatability u (6Qrep) Standard deviation of the measurements Normal
E
G
I
A =
g™ ¢ F
B

FIGURE 2

Interferometric schematic. (A) Is the interferometer, (B) and (C)

are retroreflector cubes, (D) is a flow generator, (E) is a glass syringe
that is filled with the calibration fluid connected to a tubing (F).

TABLE 2 Uncertainty components of the interferometric method.

Uncertainty Standard Evaluation  Distribution

components uncertainty process
Distance u(d) Calibration Normal
certificate
Inner diameter u(r) Calibration Normal
certificate
Time u(t) Calibration Normal
certificate
Temperature u(Ty) Calibration Normal
certificate
Expansion u(y) Literature Rectangular
coefficient
Stability u (0Qg1,) Standard Normal
deviation of
stability
measurements
Repeatability 1 (8Qrep) Standard Normal
deviation of the
mean of the flow
measurements

Frontiers in Nanotechnology

FIGURE 3

Schematic of the general experimental setup for the front track
method, where (A) is the flow generator, (B) is the syringe, (C) is the
connection line, (D) is the camera, (E) is the capillary tube, (F) is the
translucent paper and (Q) is the LED light.

This method was used to calibrate flow meters and
syringe pumps.

The uncertainty components of this method are described in
Table 2. In addition, the uncertainty calculation can be found in
detail in (Alvares, 2020).

2.3 Front track method

The front tracking method involves monitoring the position of the
meniscus (liquid/air interface) inside a capillary tube over time. By
knowing the displacement of the meniscus and the internal cross-
sectional area of the capillary, the flow rate can be calculated. A high-
resolution Alvium 1800 U-1240 camera with a 12 MP resolution and a
Qioptic Optem 7:1 telecentric zoom lens was used for this purpose.
The camera is connected to a computer and utilizes Python
programming to identify the meniscus and determine its position,
a translucent paper and a LED light are used as background
illumination, allowing to decrease the reflection caused by ambient
light, and obtain a good contrast between the background and the
liquid meniscus. The setup is illustrated in Figure 3.
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TABLE 3 Uncertainty components of the front track method.

Standard Evaluation  Distribution

Uncertainty

components uncertainty process
Meniscus u(A) Experimental and Normal
displacement calibration
certificate
Capillary radius u(r) Experimental and Normal
calibration
certificate
Time u(t) Calibration Normal
certificate
Temperature u(Ty) Calibration Normal
certificate
Expansion u(y) Literature Rectangular
coefficient
Stability u (0Qg1,) Standard Normal
deviation of
stability
measurements
Repeatability 1 (6Qrep) Standard Normal
deviation of the
mean of the flow
measurements

FIGURE 4

Schematic of the second experimental setup of the pending drop
method, where (A) is a flow generator, (B) is the glass syringe, (C) is the
connection line, (D) is the camera, (E) is the evaporation trap, (F) is the
paper and (G) the LED light.

10.3389/fnano.2025.1600426

TABLE 4 Uncertainty components of the pending drop method.

Standard
uncertainty

Uncertainty

Uncertainty
evaluation
process

Uncertainty

components distribution

Radius u(r) Experimental and Normal
calibration
certificate
Calibration Normal

certificate

Time u(t)

Evaporation u (8Qevap) Normal

Experimental tests

Standard deviation Normal
of the mean of the
flow

measurements

Repeatability 1 (6Qrep)

FIGURE 5
Gravimetric experimental setup for the syringe volume
determination.

The front track method can be applied in several type of flow
measurement instruments like syringe pumps, microflow chips
and flow meters down to 1.6 nL/min (0.1 uL/h) with 7%
uncertainty.

The front track method can be applied in several types of flow
measurement instruments, such as syringe pumps, microflow chips
and flow meters. More information on this method and the
uncertainty calculation can be found in (Bissig et al, 2015) and
(Alvares, 2020). The uncertainty components of this method are
described in Table 3.

2.4 Pending drop method

The pending drop method (Batista et al., 2021) involves
measuring the volume (V) of a drop, its growth over time (f),
and applying an evaporation correction (evap). This method is
based on visualizing the increase in the volume of a drop over
time, using a high-resolution Alvium 1800 U-1240 camera with a
12 MP resolution and a Qioptic Optem 7:1 telecentric zoom lens
(Figure 4). The camera is connected to a computer, which
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FIGURE 6
Comparison of Nexus pump calibration results with a
1 mL syringe.

processes the data. The image analysis program developed in
Python
segmentation, contour determination and volume calculation.
It can be used to calibrate syringe pumps from 100 uL/h to
1,000 pL/h.

consists of four steps: scale definition, image
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TABLE 5 Calibration results of nexus pump calibration.

10.3389/fnano.2025.1600426

Nominal flow (mL/h) Interferometric Front track Gravimetric Pending drop
Error (%) U (%) Error (%) U (%) Error (%) U (%) Error (%) U (%)
1 -7.6 32 0.9 6.9 -8.0 23.0 ~20.4 87.1
10 -17 21 03 3.0 -2.0 37 -1.0 30.4
100 -1.8 2.8 0.4 2.1 -07 24 -1.0 9.8
500 -0.7 25 0.0 14 -0.6 1.2 -37 44
1,000 -11 1.9 0.3 15 -0.6 1.0 -49 3.2

FIGURE 7
Cetoni pump calibration setup using the interferometric method,

where (A) is the Cetoni syringe pump; (B) is the Retroreflector cube;
(C) is the 100 pL glass syringe; (D) is the other Retroreflector cube; (E)
is the Laser unit.

More information on this method and the uncertainty
calculation can be found in (Batista et al., 2021). The uncertainty
components of this method are described in Table 4.

This method has still some limitation of use for high flow rates
and at lower flow range has high uncertainty values. It can be used
for the calibration of syringe pumps from 100 pL/h to 1,000 uL/h
with an average standard uncertainty of 5%. More information on
this method can be found in (Alvares, 2020; Batista et al., 2020).

TABLE 6 Calibration results of a thermal sensirion flow meter.

Nominal Nominal flow rate (mL/h)

Flow rate (nL/min)

Error (%)

Interferometric method

2.5 Inner diameter measurements of glass
syringes and capillaries

In all the methods described above a flow generator using
glass syringes is used. The inner diameter determination of the
syringe is critical for assuring the precision of the flow
determination and it must be done using appropriate and
traceable methods. In this work the gravimetric method is
used to determine the inner diameter of all the used syringes
(Figure 5) and also the capillaries used in the front track method.
This procedure consists in measuring the liquid volume of a
specific length of the glass tube. Knowing these two quantities it is
possible to determine the average inner diameter of a capillary or
syringe. More information on this method can be found in
(Batista et al., 2023).

3 Results and discussion

The measurement error presented in this paper was determined
according to the International Vocabulary of Metrology (VIM)
(BIPM et al,, 2012), as is defined as the measured quantity value
minus a reference quantity value, Equation 1.

(Qset - Qre f )
ref

Metrological error: Apserro = 100 (%) (1)

Front track method

Error (%)

Uncertainty (%)

Uncertainty (%)

1,500 90 1.0 2.0 0.3 3.4
1,000 60 2.7 2.0 4.0 3.4
500 30 4.0 2.1 2.2 3.4
100 6 5.8 2.4 2.3 3.9
70 4.2 5.8 2.4 4.3 44
50 3 52 3.0 5.1 5.1
20 12 4.6 5.1 0.4 9.9
Frontiers in Nanotechnology 05 frontiersin.org
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FIGURE 8
Sensirion flow meter.

where:

Apterro 18 the relative flow measurement error or systematic error
as defined by VIM (BIPM et al., 2012), Q,is the reference flow rate
determined by the reference measurement method (e.g., gravimetric
method), Q. is the flow rate set or the indicated flow rate at the
instrument under calibration (e.g., 1 mL/h).

A precision Nexus 3,000 pump with 1 mL glass syringe was
calibrated using the methods described above at the following flow
rates: 1,000 uL/h, 500 uL/h, 100 uL/h, 10 pL/h, 1 pL/h.

The results are presented in Figure 6 and Table 5.

From the figure above it can be seen that the results from all the
methods are consistent on all points.

The method with the larger uncertainty in Figure 6 is the
pending drop method, which is recommended to be used
only above 100 mL/h with an expanded uncertainty from 5% to 10%.

In the gravimetric method, it was possible to measure down to
10 pL/h with an acceptable expanded uncertainty of 2.6%; this
allowed a decrease of range in the volume and flow laboratory of
IPQ that was previously of 120 mL/h with 2.5% uncertainty.

10.3389/fnano.2025.1600426

FIGURE 10
Calibration of BBraun pump with a 10 mL syringe using the
gravimetric method.

The front track method can go to 1 pL/h with an expanded
uncertainty of 7%.

The method with the
interferometric method, especially at low flow rates. However,
the instruments need to have an external piston for this method

smaller uncertainty is the

to be employed.

Tests were also performed with a Cetoni pump (Figure 7) at
0.1 mL/h using a 100 pL glass syringe with the interferometric
method. The results were really outstanding, with an error of 1.7%
and an expanded uncertainty of 1.9%.

This interferometric method can calibrate flow meters and
syringe pumps from 5,000 mL/h down to 1.6 nL/min (0.1 pL/h)
with an expanded uncertainty range of (1.9-0.9) %. The calibration
of a thermal Sensirion flow meter (Figure 8) was performed with the
interferometer method and the front track method, tested at 1,500
nL/ min, 1,000 nL/min, 500 nL/min, 100 nL/min, 70 nL/min, 50 nL/
min and 20 nL/min.

The results are presented Table 6 and Figure 8.

Sensirion meter calibration

15.0
10.0

5.0

0.0
-5.0
-10.0
-15.0

Error (%)

1 10

= Front tracking
method

B

« Interferometric
method

100

Flow (uL/h)

FIGURE 9
Calibration of a thermal sensirion flow meter.
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Comparison 10 mL BBraun syringe
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FIGURE 11
Calibration of BBraun pump with a 10 mL syringe.
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Front track method setup

6000

Microfluidic Lab-On-a-Chip device for passive mixing and magnetic separation of bioanalytes.

Method comparison

Average

540,0 560,0 580,0 600,0

FIGURE 13
Comparison methods for microchips calibration.

It can be verified from Figure 9 that the results are consistent in
both methods used in the tests, and the uncertainty in general,
smaller for the interferometer method.

In order to test the methods with an instrument used in real life
application a perfusor space BBraun syringe pump, used in hospitals

Frontiers in Nanotechnology 07

W Front track method setup

m Gravimetric method

620,0  640,0

to administrate drug to patients (Figure 10), was calibrated with
water at flow rates 5,000 uL/h, 1,000 pL/h, 500 uL/h, 100 pL/h, using
the methods described in section 2.

The results presented in Figure 11 are consistent for all methods
and in all flow rate points. The uncertainty values are very similar for
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FIGURE 15
Comparison of methods used in micro and nano flow measurements.

all methods regarding each calibration point. More results on this
pump can be found in (Batista, 2022).

Finally, a microfluidic Lab-On-a-Chip device (Figure 12) for
passive mixing and magnetic separation of bioanalytes with square
channel cross-section and obstacles that promotes a mixture of
components for sample preparation was also characterized using the
front track method and the gravimetric method.

The chips were tested at 600 pL/h because this is the flow rate at
which this chip is used. Water was used as a calibration liquid. The total
acquisition time was 15 min, with one data point obtained at every 30 s.
Tests were performed with and without the chip and three replicates
were performed for each method. All the results, including the average
of the replicates, are presented in Figure 13.

The results in Figure 13 were consistent for the two methods
used. The uncertainties values were very similar for the two
methods, being higher for the front track method, probably due
to the short acquisition time arising from the limitations of the
capillary used.

Frontiers in Nanotechnology

4 Methods validation

the methods the
interferometric method that gives a smaller uncertainty and
can go down to 0.1 pL/h, IPQ participated in EURAMET
project 1508. The results for the calibration of a Cetoni

To validate developed, especially

precision pump are presented in Figure 14 (EURAMET, 2022).
The results of IPQ are consistent with the reference value, which
was estimated based on the weighting mean of all participants at
all points.

5 Methods comparison, applications,
advantages and limitations

In Figure 15 is possible to see summarizes the range of
application and uncertainty of the methodologies developed in
the scope of this work for flow measurements.
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The
exceptional performance, enabling flow measurements as low

developed interferometric method demonstrated
as 0.1 uL/h with uncertainty values below 2%. It is compatible
with any flow generator equipped with an external motor, where
the pusher block and the interferometer reflector cube are added
(e.g., Nexus syringe pump). However, despite its precision, the
method can be costly to implement in a laboratory setting due to
the high price of the required instrumentation. Additionally,
successful deployment necessitates specialized technical
knowledge in interferometry.

The front track method offers a viable option for measuring
flow rates as low as 0.1 pL/h across various flow generators, flow
meters, insulin pumps and microfluidic chips. However, the
method currently exhibits high uncertainty levels. To improve
accuracy, testing with smaller capillaries is recommended, as this
could reduce the measurement range and extend testing
time—potentially achieving acceptable uncertainty levels
between 2% and 3%. Despite its limitations, the method is
characterized by its ease of implementation, straightforward
handling procedures, and low cost.

In this work, the gravimetric method was successfully extended
to measure flow rates down to 10 pL/h, compared to the previous
limit of 100 uL/h. However, there remains potential for further
improvement in both measurement range and uncertainty. This
method is compatible with any flow generator, flow meter, or
microfluidic device that work down to 10 uL/h, though it
generally exhibits higher uncertainty than the interferometric
method. Similar to the front track method, it is easy to
implement and operate, and it involves relatively low costs.

The pending drop method also presents significant potential for
improvement, particularly in controlling evaporation, which currently
contributes to higher uncertainty values compared to the
interferometric, gravimetric, and front track methods. Additionally,
its operational range is more limited. Nevertheless, the method is
highly versatile, suitable for use with many microfluidic or flow
measurement device that work up to 100 pL/h. It is also easy to

use and cost-effective to implement in a laboratory setting.

6 Conclusion

The implementation of the methodologies explored in this
work was designed to enable the calibration of various types of
instruments with different characteristics, such as precision
syringes, perfusion syringes, microchips, and flowmeters,
which are commonly used in the health and pharmaceutical
industries as well as in microfluidic technologies. This
calibration is crucial for ensuring the accuracy and reliability
of these instruments.

It is essential that this information is disseminated not only to
the scientific community but also to the medical and biomedical
communities. Sharing these findings with healthcare professionals
and researchers can foster collaboration and innovation, leading to
further advancements in medical technology and practices.
Additionally, manufacturers of medical instruments and other
flow devices should be informed of these methodologies to
ensure that their products meet the highest standards of accuracy
and reliability.
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In this work, the gravimetric method was improved for
there is still
Three new methods

microflow measurements but room for

improvement. were developed, and
microfluidic chips were manipulated and tested for the first
time at IPQ-LVC.

The interferometric method had the best performance
regarding all methods tested but has some limitation in the
type of instrument used (it must have an external motor) and
cost of installation. The front track method is a good option that
can be used for any type of flow measuring instrument or
microfluidic device but more work is needed in order to
decrease the uncertainty. The pending drop method has the
worst performance of the four methods but is easy to use and
low-cost i2mplementation.

All methods were internally validated by comparison with
each other in the calibration of several flow measuring
instruments.

This work served as the basis for the development of the
EURAMET Guide CG-27, “Guidelines for the Calibration of
Drug Delivery Devices and Infusion Device Analysers”
(EURAMET guide cg 27, 2024). This document provides
standardized procedures for testing microflow and nanoflow
instruments aiming to improve the accuracy and comparability
of measurement results Additionally, it contributed to the
publication of the new EURAMET Technical Guide 4,
“Evaluation of Flow-Related Quantities in Microfluidic Devices
(EURAMET, 2024), but
measurement techniques, challenges remain, particularly in

despite advancements in flow
microfluidics applications such has organ-on-chip. Ensuring
traceability and accuracy at these scales requires ongoing research
and development.

The development of standardized calibration methods and
advanced  measurement  techniques  for  validating
manufacturing, performance, and safety are essential in
shaping the future of healthcare and microfluidic technology.
The new EPM MFMET II project aims to fill these gaps by
developing protocols and guidelines to support standardization
efforts (Mfmet.eu, 2025).

Metrology is a key enabler of innovation and patient safety in
healthcare. By ensuring the accuracy and reliability of drug delivery
systems and diagnostic devices, like organ-on-chips, metrology
helps reduce errors, enhance treatment efficacy, and save lives.

Going forward, standardized calibration methods, advanced
measurement techniques, and collaborative research will be

essential in shaping the future of healthcare technology.
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Abstract — This paper presents a comprehensive characterization of precision passive
components used in the design of integrating analogue-to-digital converters (IADCs). The tests
are focussed on ceramic capacitors and metal foil resistor networks, evaluating their dependence
on temperature and humidity, as well as dielectric absorption effects. The work is motivated by
the necessity for metrological traceability of the measured characteristics of the key components
within a narrow ambient range to meet the requirements of precision applications such as an
IADC design.

Keywords: passive components, temperature coefficient, humidity sensitivity, dielectric
absorption, [TADC

1. Introduction

Integrating analogue-to-digital converters (IADCs), also known as charge-balancing ADCs, are widely
recognized for their high accuracy in DC and low-frequency measurements [1, 2]. While most ADCs
are realized monolithically, the highest-performance IADCs are built from discrete components whose
imperfections (nonlinearity, drift, dielectric absorption) limit the achievable accuracy [3, 4].

To improve ADC modelling and performance prediction, accurate characterisation of passive
components is essential. Manufacturers often provide specifications over wide temperature ranges
(commercial, industrial, military), while metrology and precision devices operate in controlled
environments with narrower variations of temperature and humidity. In this regime, actual component
performance can exceed datasheet expectations, especially for temperature-compensated devices like
NPO capacitors and metal foil resistors [5], where non-linear temperature behaviour is common.
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Additionally, humidity poses a more significant and difficult-to-control influence compared to
temperature. Humidity variations often dominate measurement error on hourly to daily timescales,
thereby influencing recalibration schedules. Traceability and detailed performance knowledge are
essential due to manufacturing and batch variation.

This work evaluates several surface-mount capacitors and resistor networks [6] under controlled
environmental conditions, including detailed dielectric absorption studies.

2. Influence of temperature and humidity on components

2.1. Capacitor Temperature Dependence
Tests were performed on 470 pF ceramic COG (NPO) capacitors in 1206 packages from two
manufacturers, including different batches.

The capacitor under test was fitted in a specially fabricated, spring-loaded fixture which allows a
three-terminal measurement of its capacitance (figure 1). The fixture was placed in a climatic chamber
whose temperature and humidity can be varied. The capacitance was measured using an accurate, high
resolution, digital bridge. Temperature and humidity measurements were made over the ranges 23 to 43
°C and 40 %rh to 80 %rh respectively. Figure 2 shows a photograph of the test setup with the main
components labelled.

IsotechTT922

Agilent 34461 A Accuracy: £ 0.025 °C AH 2700A
Thermistor Resistance

Figure 1. Capacitance Test fixture.

Rotronic HydroGen2
Stability: < 0.1%rh,
<0.01°C

Figure 2. Test setup for the measurement of the
temperature and humidity sensitivities of capacitors.
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Figure 3. Capacitor temperature dependence. Figure 4. Capacitor dissipation factor tempe-

rature dependence for five samples from mfr. B.
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The temperature was varied from 23 °C to 43 °C and back in 5 °C steps, with 1 hour stabilization at
each level. Capacitance was recorded using a high-resolution digital bridge. Figure 3 plots the observed
capacitance variation. A quadratic temperature model was fit to the data. Table 1 summarizes the
observed temperature coefficients and inter-sample variability.

Table 1. Temperature Coefficients @ 23 °C - sample
means and relative standard deviations (o).

Manufacturer No. of Mean TC @ 23 °C c

samples (K (KhH
A (batch 1) 10 Z122 %100 0.25x10°
A (batch 2) 4 —12.6 x10%° 0.14x10°
B 5 +3.1x10°¢ 0.57x10°¢

The dissipation factor (loss component) was also monitored across temperature, showing measurable
variation for all samples (see figure 4).

2.2. Capacitor Humidity Dependence

Humidity was varied from 40 %rh to 80 %rh and back at 23 °C. Capacitance showed increasing
sensitivity with higher humidity and noticeable hysteresis (see figure 5). A short-term step test (40 %rh
to 80 %rh, 8 hours duration) was used to reveal variation between manufacturers and batches. Figure 6
plots capacitance dependence on humidity for five capacitors from a batch of five manufacturer B 470
pF capacitors. The response of devices from manufacturer A to humidity changes was found to be
considerably smaller and more consistent.

300 T T | T | T 1 T T
80 %Rh 80 %Rh
600 -
= 200+ 1 &
e Ewg
LT.‘:' 3 400 -
- 40 %Rh 40 %Rh 5
D = i 1 R C_J
< 1 |"an %Rh - L 60 %Rh | <1 200 -
‘ ~70 %Rh ‘
e e 0
0 20 40 60 80 100 120 140 18
time (h) time (h)
Figure 5. Capacitor humidity dependence. Figure 6. Variability of capacitor humidity
dependence.

2.3. Resistor Network Temperature Characterization

Metal foil resistor networks were tested for their ratio stability under temperature and humidity
variations. These components are frequently used in high-accuracy analogue front-ends due to their
excellent ratio tracking, thermal matching, and relatively compact form factors.
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Figure 7. Test setup for the measurement of the thermal and humidity coefficients of the resistor
networks ratio.

Figure 7 shows the setup used for the resistor networks testing where a climatic chamber provided the
temperature and humidity cycling conditions and a low-thermal quad scanner (16 input channels)
allowed the simultaneous test of several resistor networks whose ratio was measured by a high
resolution-multimeter.

The core measurements were performed using the ohms ratio function of a high-resolution
multimeter (Figure 8 shows a schematic of the setup). This function allows sequential two-channel
measurements and outputs the resistance ratio directly, offering a balance between precision and test
efficiency. Unlike resistance bridges, which can offer superior absolute accuracy, the multimeter
facilitates rapid, repeatable measurements over long-duration environmental sweeps. When both input
channels operate in the same range, measurement uncertainty is dominated by short-term noise and ADC
linearity. To suppress thermoelectric voltages, particularly critical during temperature ramps, the “true
ohm” function was employed. This mode averages bidirectional current measurements to cancel
polarity-dependent offsets.
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Figure 8. Resistor networks test setup.

A validation test using two matched 10 kQ standards over six days in a temperature-controlled bath
produced 337 data points. The resulting relative standard deviation of the individual measurements was
9x107%, decreasing with v/n (n is number of points) for the mean. This establishes the intrinsic resolution
and repeatability limits of the setup. A validation of the observed readings showed that white noise with
Gaussian distribution can be assumed for periods of approximately 14 hours of continuous
measurements.
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Three resistor networks with the same nominal ratio 1:1 were characterized:

Ry 10 kQ /10 kQ Hermetic 3-pin (through-hole)

R, 4x10kQ Plastic 8-pin (surface-mount)

Ry 10kQ/10kQ Plastic 3-pin (surface mount)

Resistors were cycled from 15 °C to 45 °C and back in 10 °C steps at 50 %rh, with a stabilisation
period between 12 and 14 hours at each plateau. Initial preconditioning at 15 °C and 50 %rh for
approximately 2.5 days ensured thermal and moisture equilibrium. At each temperature step, ~40
consecutive measurements were taken after the system stabilized. This approach excluded transient
effects and ensured representative statistics for each condition.

Figure 9 shows the variation of the ratio with temperature for R; and R». A slight hysteresis between
ascending and descending cycles was observed, attributed to thermal lag or material relaxation. Mean
values of the ratio errors (6r) and their standard deviations (o) are summarized in Table 2.

Figure 9. Observed variation of resistance ratio
with temperature for two different resistor
networks, where the nominal ratio was 1:1.

R/Ryom — 1 (n2/92)

time (h)

Table 2. Mean value and standard deviation of the mean for the
relative error of the measurement ratio.

T or(R)) G or(R») c or(Rs3) c

(°C)  (hQQ) (hYQ) (LQIQ) (HYQ) (MYQ) (LYQ)
15 -3.31  0.02 4.36 0.03 2722 0.04
25 -1.85 0.02 5.99 0.02 2725 0.03
35 -1.06 0.02 7.59 0.02 -28.01 0.03
45 -0.48 0.02 8.95 0.02 2847 0.03
35 -1.71  0.01 7.02 0.01 -28.60 0.0l
25 -2.53  0.02 5.75 0.02 -27.80 0.03
15 -3.30 0.02 4.96 0.03 2681 0.03

The calculated relative thermal coefficients (TC) of the ratios, obtained by linear regression, were as
follows:

Ry: Slight positive TC (~ +0.09x107¢ K1)

R>: More pronounced positive TC (~ +0.14x107¢ K1)

Rs3: Negative TC of —0.05x107° K"!

These trends indicate that while all resistors show predictable, smooth drift, the “dual-in-line”
isolated resistor network, R», exhibits more thermal sensitivity compared to the 3-pin voltage divider
type, R and R;. Moreover, the hermetic and plastic packaged devices show the same order of magnitude
for the absolute value of TC tracking.

2.4. Resistor Network Humidity Characterization

To isolate the influence of humidity, the relative humidity was swept from 10 %rh (initial conditioning)
to 80 %rh and back in 20 %rh steps at a constant 25 °C. Each step involved 14 h stabilization. Like in
the thermal tests, ~40 readings were averaged per level.
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Results shown in figure 10 reveal that R, is largely immune to humidity effects, with a very small
coefticient of 0.003x107¢/ %rh, one order of magnitude below the noise of the measurements. This fact
highlights the protective advantage of hermetic packaging. In contrast, R, displayed (and R3not shown)
monotonic ratio drifts (0.03x107¢/%rh and —0.05x107¢ / %rh, respectively), consistent with moisture
absorption and dielectric changes in plastic-encapsulated packages.

W77
= [ —— Ry |
= R |
= | |
g S50
- [~ - 160 =
| - L o
W= e
B L I | | ]
s L =
e [Pl i -yt ] i SRR
g5 = ,
PR |

[ 1 T L1 TR T T T W
0 20 40 60 80 100
time (h)

Figure 10. Resistor ratio error as a function of humidity.

R3 showed a humidity coefficient matching its thermal coefficient, suggesting a similar magnitude
of environmental influence. Full results are tabulated in Table 3.

It is worth noting that the manufacturer specifications of the tested devices do not provide
information related to this sensitivity to humidity, but only a climatic test for the effect of prolonged
exposure to high humidity levels.

Table 3. Mean value and standard deviation of the mean for the
relative error of the measurement ratio.

RH  or(R) c or(R>) c Or(R3) c
(%rh) (UY/Q) (uQ/Q) (uQ/Q) (UY/Q) (LY/Q) (n/Q)
20 -2.22 0.02 4.78 0.02 —26.68 0.05
40 -2.17 0.01 5.41 0.01 -28.25 0.02
60 -2.14 0.01 5.95 0.02 -29.12 0.01
80 -2.12 0.01 6.71 0.01 —29.43 0.02
60 -2.03 0.01 6.44 0.01 -27.96 0.03
40 -2.20 0.03 5.65 0.03 -27.19 0.03
30 —2.24 0.01 5.29 0.01 —26.48 0.01

3. Dielectric Absorption and modelling
Dielectric absorption was measured using the standard charge-discharge protocol per IEC 60384-1 [7].
Figure 11 shows a schematic of the test setup.
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Figure 11. Dielectric absorption test setup.

4
Hi-Z buffer amp

Capacitors were charged to 10 V for 900 s via relay SW1, discharged for 1 s via relay SW2, then allowed
to recover with relay SW3 closed. Recovery voltage was monitored for 990 s using an electrometer-
buffered DMM.

Figure 12. Relay board (A), buffer amplifier (B) and control board
for dielectric absorption measurements.

An important requirement of the setup was the minimization of the effects of leakage across the test
capacitor and of the bias current generated by the buffer amplifier. Low leakage, glass encapsulated
relays mounted on a PTFE base were used. A high impedance, low bias current buffer amplifier using a
ADA4530-1 electrometer op amp was constructed. Connection to the test fixture is via a triaxial
connection. The op-amp’s guard voltage is used to minimize leakage in the input cable and to drive the
relay guards. The amplifier is housed in a shielded case to reduce noise. The bias current of the buffer
amplifier was measured and found to be less than 5 fA. An external DC source is used to charge the
capacitor. The output of the buffer amplifier (i.e. the recovery voltage) was measured using a Fluke
8588 A multimeter.
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The relay board (A), buffer amplifier (B) and the relay control board (C) were mounted in an earthed
metal enclosure as shown in figure 12 where the top cover of the enclosure has been removed.

Recovery curves for five samples from each manufacturer were averaged across seven runs (see
figure 13). The magnitude of the dielectric absorption effect, defined as the recovery voltage at 990 s
divided by the charging voltage, ranged from 1.0 % to 1.6 %. Typical type A standard uncertainty was
0.05 %.

150
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1 |

0 200 400 600 800 1000
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Vi (V)

Figure 13. Observed voltage recovery profiles.

A model using five parallel RC branches (see figure 11) was used to fit the data [8, 9]
t
Vree(©) = ilw<1—eRM) (1)
Fitted component values are listed in Table 4.

Table 4. RC model components obtained
by fitting to the recovery voltage.

Component R Ci
Nr. (TQ) (pF)
1 82.5 1.780
2 255.0 2.410
3 25.6 1.620
4 18.1 0.571
5 16.1 0.031

4. Conclusion

The results show the variation in temperature and humidity sensitivities of capacitors and resistor
networks, both between and within manufacturers and batches. These differences are especially relevant
for precision IADC applications where ambient control and stability are assumed.

For some devices humidity was found to induce larger and more variable effects than temperature,
which would require frequent recalibration of any IADC in which they are used. Dielectric absorption
in ceramic capacitors was measured with high resolution and modelled using a five-element RC
network, offering a useful tool for IADC design simulations.

Accurate and traceable component data are essential to predict and mitigate error mechanisms in
high-performance digitizers. As component quality improves, the limitations of legacy test measurement
procedures must also be addressed.
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Abstract: The microfluidic industry faces a significant challenge due to the lack of sensitive
and standardized methods. One critical need is the measurement of internal channel di-
mensions in fully assembled chips. This study presents and compares several protocols for
measuring these dimensions, including optical profilometry, optical microscopy, and tiled
digital imagery. Standardized chips made from two materials commonly used in microflu-
idics (borosilicate glass and Cyclic Olefin Copolymer) were evaluated using each protocol.
A consistency analysis using normalized error statistics identified optical profilometry as
the most reliable method, offering the lowest uncertainty and the highest consistency with
nominal geometry values. However, all protocols encountered difficulties with vertical
depth measurements of internal structures. Future research should focus on addressing
these limitations, including investigating the influence of multiple refractive surfaces on
optical profilometry and exploring confocal microscopy. In conclusion, this work provides
a comprehensive comparison of measurement protocols for internal microfluidic structures
and offers a practical solution for applications in the microfluidic industry, while also
identifying important directions for future research.

Keywords: microfluidic chips; optical measurements; channels dimensions; methods validation

1. Introduction

Microfluidics has long held the potential to disrupt a wide range of fields [1-3]. Aiming
at the miniaturization of analytical and chemical methods [4], microfluidics continues to
promise revolutionary advancements across many industries [5].

In recent years, the microfluidics industry has experienced remarkable growth, driven
by applications such as chemical analysis, point-of-care diagnostics [6,7], and pharmaceuti-
cal research [8,9], including microphysiological systems [10,11]. The growth is projected to
continue at a compound annual growth rate of 2.2% until 2028 [12].

Regardless of the application, the internal geometry of microfluidic channels is often
crucial to the functionality of the device. For example, point-of-care diagnostic devices
required precise dilution ratios, while microphysiological systems need physiologically
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relevant shear stresses [13,14], both of which impose strict geometrical constraints on
chip manufacturers.

Given the importance of the internal geometry to a device’s functionality, it is crucial
for the industry to be able to accurately characterize the internal dimensions of a chip.
Microfluidic chips are often made of multiple structured layers that are sealed together to
form the final product. While measuring the dimensions of the structure before assembly is
feasible (for example, using optical microscopy or stylus profilometry), once sealed, the
channels are encapsulated inside the chip. This makes their characterization more difficult
due to material properties and physical constraints. This issue is significant because the
assembly process can change the structure of the chip compared to its pre-assembled
state, leaving both the manufacturer and the user uncertain about the actual geometry and
dimensions of the flow circuit in use.

The industry itself has identified the lack of sensitive and standardized testing methods
as one of the major hurdles preventing microfluidics from fulfilling its promises [15,16].
To help address this challenge, this work presents multiple protocols for measuring the
internal dimensions of fully assembled transparent chips. The reproducibility and precision
of each protocol are analyzed and compared. Both glass and polymer chips are used as
substrates to evaluate the influence of material on measurement reproducibility.

The protocols described in this study enable automated, non-destructive, reproducible
characterization of the internal geometry of transparent microfluidic chips after assembly,
making them suitable for industrial applications. By removing the uncertainty caused
by potential deformation during assembly, these protocols ensure that users can trust the
devices they are using, and manufacturers can be confident in the quality of the chips they
are providing.

Here, we describe the chip designs and different measuring techniques. The dif-
ferent sets of results are analyzed through consistency tests between the protocols
and nominal values. Finally, we examined the influence of two different materials on
dimension measurements.

2. Chips Geometries

Batches of chips were designed and manufactured using two different materials:
D2630@Dbio glass [17] (a common type of borosilicate glass) and COC (Cyclic Olefin Copoly-
mer, tradename TOPAS®© [18]). The chips made from each material have different internal
dimensions and designs. The choice of geometries was based on different applications for
these chips within the EURAMET 20NRM02 MEMET project [19] (MFMET-Establishing
Metrology Standards in Microfluidic devices [20]). These tests mainly include leakage
tests [21], flow resistivity tests [22], and the dimensional measurements described here.

All designs adhere to the ISO 22916:2022 standard on interoperability requirements for
dimensions, connections, and initial classification of microfluidic devices [23]. This standard
has a notable influence on the chips’ footprint, as well as the positions and dimensions
of their connections. This allows different participants to use the same connector and be
confident that the chips were compatible with each other’s measurement setup. In addition,
these chips are intended to serve as transfer standards for other laboratories. By adhering
to ISO 22916:2022, compatibility with laboratories outside the scope of this project will also
be facilitated.

2.1. Glass Transfer Standard Chips

Eight designs (footprint 15 mm x 45 mm) were developed for glass chips (see Figure 1).
Each design has one or several main channels, with some connected to one or multiple
“Jeakage channels”—these are significantly smaller in cross-section compared to the main
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channels, simulating a leak. All designs, except Design 08, include a reference channel
(Channel 01 in Figure 1) that does not have any additional side channels. Figure 2 shows
an example of Design 04 chips. Technical design drawings of these glass transfer standard
chips are available in the Electronic Supplementary Information.

Design 01 Design 05
. L '
Hole Ol Channel 01 Hole 02 Hole 01 Charnel 01 Hale 02
Lezkags Cnanrel 02
Hole 01 Chznnel (2 Hile 02 Hole 01 LChannato? Archannel 02 Hole 02
Lezkage Charnal 03
Leakaze Channal Hole 01 L Channel 33 R Channel 03 Hole 02
Leabage Channel D4
Hale 01 Channel 03 Hole 02 Hole 01 L Channel D4 R Channe! 04 Hole 02
Design 02 Design 06
Hole 01 Channel 01 Hole 02 Hode 01 Channel 01 Haole (2 [
Hole 01 Channel 02 Hole 02 Hale 01 Channel 02 Hole 02 |
— LLeakage Chanre|
— F Leakage Channel Leakige Civnid
Hole 01 Channel 03 Hole 2
Hele 0L
Design 03 Design 07
Hole 01 Channel 01 Hole 02 Hale 01 Channsl 01 Hale 02
Channel 02 Hole 02 Hale 01 Channsl 02 Hale 02
U Leakage Charnel Leakage Channe! |
Channel 03 Hole 02 |
Hole 01 [
Design 04 Design 08
Hole 01 Channel 01 Hole 02 Hole 01 Hole 02
Hale 01 Chaneel 02 Hole 02 Top L Leakage Chahns] TogF Leakage Channe|
Leakage Charnel Hole 01 Channsl 01 ¢ Hole 02
|
Hole 01 Channel 03 Hole 02 “Hote DT - Hutte
Eattom L Leakaga Channel Bottom A Leskage Channsl

Figure 1. Different glass chip designs and their geometry nomenclature for measurements.

Figure 2. Example of a glass transfer standard chip, Design 04.

The glass chips were fabricated by IMT Masken und Teilungen AG, Greifensee, Switzer-
land, using D263@bio glass [17], via isotropic wet-etching techniques, employing hydroflu-
oric acid-based etching solutions commonly used in the semiconductor industry. The final
chips consist of two halves that were individually fabricated and then bonded together.
The critical dimensions of the device were verified during and after processing for quality
assurance. For Designs 01 to 05, four chips were produced, while Design 06 and 07 had
three chips each, and Design 08 had two. One chip from each design was reserved as
a backup.
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2.2. Polymer Transfer Standard Chips

The polymer transfer standard chip has the same footprint as a standard microscope
slide and contains eight different designs on a single chip (see Figure 3). Each design
consisted of two main channels with a “leakage channel”. The leakage channels came
in two distinct lengths: four designs had longer leakage channels, and the other four
had shorter ones. The cross-section of the leakage channels is rectangular and varies
between designs. Figure 4 shows an example of one of the polymer chips. Detailed designs,
technical drawings, and CAD files of the polymer chip design can be found in the Electronic
Supplementary Information.

Figure 3. Polymer chip design and its geometry nomenclature for measurements.

Y3
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Figure 4. Example of a polymer transfer standard chip.

The polymer chips were produced by microfluidic ChipShop GmbH, Jena, Germany,
using injection molding.

Once the fabrication process is complete, the top part containing the microfluidic
structure is sealed onto a thin bottom slide to close the chip. The entire chip is made of
COC (Cyclic Olefin Copolymer, tradename TOPAS®© [18]).

3. Three Different Measurement Protocols

The different pieces of equipment used for the measurement protocols set out below
are shown in Figure 5, with specifications given in Table 1.

Table 1. Specifications of the different instruments used for dimension measurements.

C . . Uncertainty Linked to
Instrument Lens Lighting Calibration Calibration
In plane (XY):
. +2 um + 4 L/1000
OGP SmartScope x1 %:;i?ﬁi%%iﬁ;glf Annual calibration Vertically (Z):
®
ZIP®250 x2 SmartRing™ LED ring light report by OGP +25 |i1rr11_11 ;1 :g];./ 1000

<1 pm
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Table 1. Cont.
s . . Uncertainty Linked to
Instrument Lens Lighting Calibration Calibration

<15 Substage tungsten bulb Test pattern

Olympus BX53M x5 ge tung P 0.1%
<15 lighting (see Figure 5)

Leica Wild M3Z x2.56 Overhead LED ring light Test pattern 2%
(see Figure 5)
In-image:
. x1,£/2.8, Fluorescent tube lighting Test pattern 0.45%
Nikon D5300 105 mm macro lens below sample (see Figure 5) On tiled images:

0.76%

Zeiss AxioObserver %25 Transmission lighting from Test pattern 0.15%
quartz halogen bulb (see Figure 5)

il
e e 2 = .

Figure 5. The different setups used for dimension measurements. (a) Optical profilometer OGP
SmartScope Z1P®250. (b) Optical microscope Olympus BX53M with its calibration gauge. (c) Stereo
binocular microscope Leica Wild M3Z with its calibration gauge. (d) Digital camera Nikon D5300
with its calibration gauge. (e) Optical microscope Zeiss AxioObserver with its calibration gauge.

Examples of the optical images obtained from each of the techniques are given in
Figure 6, together with details showing which points in the images were used as reference
criteria from which the measurement values were obtained.

N e

Figure 6. Cont.
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Figure 6. Definition of measurement points (images (b—h) from the Optical Profiler; (i) from the
Leica Wild M3Z; (j) from the Olympus BX53M; (k) from the Nikon D5300; and (1) from the Zeiss
AxioObserver). (a) The width of the channels is taken as the maximum width. (b) The diameter of
the holes is measured by recognizing the internal hole features. (c) Point at the bottom Z-plane of the
polymer channel. (d) Point at the top Z-plane of the polymer channel. (e) Point at the top plane of the
glass chip when the chip is the right way up (see Section 3.1). (f) Point at the measurable channel
plane of the glass chip when the chip is the right way up. (g) Point at the top plane of the glass chip
when the chip is upside down (see Section 3.1). (h) Point at the measurable channel plane of the
glass chip when the chip is upside down. (i) MountainsMap©’s “Distance between two points” and
“Customized path” tools applied to Design 08. (j) MountainsMap©'’s “Distance between two points”
and “Customized path” tools applied to S-channel in design 04. (k) A stitched image of Design 01
created using the Nikon D5300 camera. (1) A stitched image of Design 04 created using the Zeiss
AxioObserver with Ludl BioPoint2 stage showing the ability to discern the leakage channel (left hand
side of image) when using higher NA optics.

3.1. Protocol 1: Optical Profilometry

The first protocol entails optical profilometry, a method that uses light instead of a
physical probe to characterize geometries. This allows non-destructive measurements with-
out direct contact with the object, making it particularly suitable for transparent substrates.

A SmartScope ZIP®250 (with its accompanying software, ZONE3©, both from Optical
Gaging Products (OGP), part of Quality Vision International (QVI), Rochester, NY, USA)
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was used to perform measurements of the internal geometries. Table 1 gives details of the
instrument, and the setup is shown in Figure 5a.

The instrument is annually recalibrated by OGP staff, ensuring the accuracy shown
in Table 1 (Calibration report available in the Electronic Supplementary Information). It
is important to note the difference in uncertainty between measurements where the stage
moves a distance, L, between two measured points and static in-image measurements.

The OGP SmartScope ZIP®250 can automatically focus on a plane within a user-
defined margin. The software identifies geometrical features from the focused image and
measures the dimension of interest. For example, to determine the width of a channel, the
profilometer finds the focus plane at the top of the channel, identifies the outermost edges,
and measures the width between these edges (see Figure 6).

Depth measurements proved to be more challenging, particularly in glass compared to
polymer chips. For polymer chips, the depths of all channels were measured by determining
focus planes at the top and bottom of the channel using the software’s “Focus” tool, which
establishes a 3D point on each plane. The software then calculates the channel depth by
measuring the distance in Z-axis between these two points (Figure 6).

However, depth measurements inside transparent materials using optical profilometry
are subject to distortion due to the material’s refractive index, which depends on both
material and the wavelength of light used to determine the focus plane. The SmartScope
ZIP®250 uses grid light with a wavelength range from 575 nm to 625 nm. For polymer
chips, a refractive index (RI) of np = 1.53 for 589 nm at 25 °C (provided by microfluidic
ChipShop GmbH, Germany) was used to correct for the difference between and optical
path length and physical distance measurement [24]; thus, all depth measurements in
polymer chips were multiplied by np.

For glass, the optical profilometer struggled to differentiate between the focus planes
at the top and bottom of the channels. Therefore, a more complex approach was used to
estimate the channel depth. The profilometer could determine the top and bottom planes
of the chip and one plane of the channel (Figure 6). The assumption was made that this
plane belonged to the upper channel. In this method, when the chip is right-side up, the
top of the chip, the top of the channel, and the bottom of the chip are measured. When the
chip is flipped upside down, the bottom of the chip, the bottom of the channel, and the top
of the chip are measured. The following formula was then used to estimate the depth of
the channel:

D= ((Zchnl,Z - ZtOp,Z) - <Zchnl,1 - Ztop,l)) “np 1

where D is the estimated channel depth; z_(chnl,2) and z_(top,2) are the z-coordinates
of the measurable channel plane and the top plane measured when the chip is upside
down; z_(top,1) and z_(chnl,1) are the z-coordinates of the measurable channel plane and
the top plane measured when the chip is right-side up; and np is the refractive index of
D2630©Dbio glass. Based on the OGP light wavelength range, a refractive index = 1.5230 for
589.2938 nm [25], provided by Schott AG, Germany, was used to correct for RI effects [17].

The length of the main channels was defined as the maximum distance between the
inlet and outlet hole centers. Hole diameters were determined using the “Feature finder”
tool, which measures the internal circumference of the holes (Figure 6). Leakage channel
lengths were measured using start and end reference points taken from the mid-point of a
line drawn across the intersection of the leakage channel with the wall of a main channel.

Measuring the lengths of more complex, non-linear channels (such as L-, U-, and
S-shaped channels) posed difficulties. Despite multiple attempts using different settings
and ZONE3®© tools, no reproducible parameters were found.

All the above steps are programmable on the OGP SmartScope ZIP®250. This allows a
specific measurement protocol—including positions, fields of view, focus zones, lighting,
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and image processing settings—to be stored and repeated for identical objects. Once
established, the measurement program was run three times on each chip.

Using the data from each run, an average and a standard deviation (s;) were de-
termined. Together with the uncertainty from the instrument’s calibration (u.), noted
in Table 1, the standard uncertainty (u) of the measurement was calculated using the

u=/u?+s? )

The calculation assumes that these are the two largest sources of uncertainty. For the

following formula:

purpose of this article, variability in the refractive index was not considered, which could
be investigated in future research.

3.2. Protocol 2: Optical Microscopy

The second protocol uses standard optical microscopy. Depending on the size of the
microfluidic geometries, two different microscopes were employed: an optical microscope
(Olympus BX53M) or a stereo binocular microscope (Leica Wild M3Z) was used. Details of
both instruments are provided in Table 1.

Each instrument has its own calibration gauge structure (Figure 5), ensuring that
measurement results are traceable to the International System of Units (SI). The uncertainties
associated with the calibration of each instrument can be found in Table 1.

The width and length of the leakage channels, the width of the main channels, and
the diameters of the holes were all measured using the Olympus BX53M (with the x5 or
%10 lens). Images were taken and analyzed using Olympus Stream Essentials 2.3.3 (Build
17023). This software has the capability to continuously capture images and automatically
detect different focal planes, creating a merged image where measurements were made.

Similar to the optical profilometer in Protocol 1, the largest dimension was used to
define the channel width (Figure 6). The length of the main channels was measured as the
maximum distance between the inlet and outlet holes, using the Leica Wild M3Z binocular
microscope. The focal plane was manually adjusted for these measurements.

For hole diameter measurements, a circle tool was used. However, identifying the
correct focal plane was difficult, as multiple focal planes were closely spaced. It was
hypothesized to be due to the hole-drilling process during chip manufacturing. Several
measurements were performed, and an uncertainty value was assigned to take into account
the various focal planes and irregularities in the structure.

The length of non-linear channels (both main and leakage channels) was measured
using specific tools from the MountainsMap© version 10 software package (from Digital
Surf, France). Depending on the channel shape’s complexity, either the “Distance between
two points” tool or the “Customized path” tool was used (Figure 6). In both cases, the
length was determined along the median line of the channel width.

As with Protocol 1, each chip was measured three times, and the results were used to
calculate a standard uncertainty using the same approach.

3.3. Protocol 3: Tiled Digital Imagery

The third protocol uses two different instruments, both with a wide field of view:
a Nikon D5300 digital camera fitted with a 105 mm, 1x, £/2.8 macro lens; and a Zeiss
AxioObserver optical microscope equipped with a Ludl BioPoint2 motorized stage, Zeiss
EC Plan Neofluar 2.5x /0.085 objective, and Zeiss HRc camera. Details of both devices are
included in Table 1.

Digital cameras, such as the Nikon D5300, offer portability, affordability, and high
resolution. Since they can detect events within entire microfluidic devices, they have been
widely used with paper—microfluidic devices for on-site diagnosis [26,27] and high-speed
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imaging and detection of events within microfluidic devices [28]. The Zeiss AxioObserver,
similar to the microscope used in Protocol 2, provides more precise measurements.

Both instruments were calibrated using standard reference bars (Figure 6), which al-
lowed for the determination of the resolution of the instruments and the uncertainty
linked to calibration (Table 1). The calibration report is available in the Electronic
Supplementary Information.

In this protocol, measurements were made using image processing. For hole diameters
and channel widths, both instruments could produce results from a single image. The
uncertainty in these measurements was based solely on the consistency associated with the
instruments’ calibration.

For measuring the lengths of the main channels, tiled images were used. The num-
ber of frames needed to cover the entire microfluidic channel depended on the field of
view of the instrument. The accuracy of the measurement was affected by how well the
frames were stitched together, the quality of images, and the uncertainty linked to the
instrument’s calibration.

The Nikon D5300 camera, with its large field of view, required only two frames
to cover an entire main channel in the glass chips (see Figure 6 for an example). The
images were taken with overlapping areas such that they could be stitched together in
Image] by overlaying blemishes in successive frames. The uncertainty from stitching
was 3 pixels/frame (1 pixel = 8.44 um according to calibration). Due to the lower image
quality, there was a significant uncertainty in defining the ends of the channels. This was
approximately 6 pixels at each end, resulting in a total uncertainty of 15 pixels, which
equals 0.31% of the total length of 39,800 pm. Furthermore, the leakage channels were not
sufficiently visible in the images, making accurate measurements unreliable. Including
the instrument uncertainty (0.45%; see Table 1), the potential total uncertainty for length
measurements using this system was 0.76%.

The Zeiss AxioObserver, equipped with a motorized Ludl BioPoint2 stage, also used
stitched images (see Figure 6 for an example). However, the precision and reproducibility
of the Ludl BioPoint2 stage (<1 um) were sufficient, so the results were highly consistent.
The main advantage of this instrument was the higher numerical aperture (NA) of the
2.5x objective (NA = 0.085), which gave clearer images. This improved clarity made it eas-
ier to define channel and hole borders, resulting in a notable improvement in measurement
precision. Therefore, the uncertainty in defining the channel ends was negligible, with an
error of at most 1 pixel. Hence, the total uncertainty for the length measurements using the
Zeiss AxioObserver was the same as its in-image uncertainty from calibration (i.e., 0.15%;
see Table 1).

Both instruments were used to measure multiple glass chips, and the average of
multiple measurements from each method was taken as final value. Given this combination
of two different methods, the standard uncertainty definition from Equation (2) needs to be

u=\Ju} +u2 +s? ®3)

where 1, is the standard uncertainty associated with the Nikon D5300 (which differs be-

updated as follows:

tween in-image and tiled-image measurements, as shown in Table 1), u; is the uncertainty
associated with the calibration of the Zeiss AxioObserver, and s, remains the standard
deviation between the two values.

3.4. Evaluation of the Measurement Results

To evaluate the consistency of the three protocols, their results are compared against a
reference value. For each measurement (for example the diameter of Hole 01 in Channel
01 of Design 01), a reference value can be defined. This reference value (called RV) is



Metrology 2025, 5, 4

10 of 20

determined as the mean of the measurement values from the three protocols combined,

using the weighted means formula. The inverse square of the standard uncertainty (1)

associated with the average of a protocol’s measurement values (x;,) serves as its weighting

factor [29]:

RV — x1 /P (x1) 4 oo+ xn /U (xn)
1/u?(xq) + ... +1/u?(xy)

The following formula gives the standard uncertainty, u(RV), associated with the

(4)

reference value [29]:

u(RV) = : : ®)
u2(x7) .t uZ(xn)

Once the reference value and its standard uncertainty are determined, the measure-

ment values from each protocol can be tested for consistency with this reference value. To
identify this consistency, the normalized error (E,) is calculated [30]:

x, — RV

= ) @)

(6)

where E,, is a protocol’s consistency indicator for a specific measurement; x;, is the average
of a protocol’s measurement values; RV is the reference value of the same measurement;
and U (x,) and U (RV) are their associated expanded uncertainties, calculated as U=k x u
with k = 2.

The value of E; leads to the following conclusions:

o If |E,| <1, the protocol’s measurement values are consistent for a certain measure-
ment (test passed).

e If [E;| > 1, the protocol’s measurement values are inconsistent for a certain measure-
ment (test failed).

This approach allows for a comparison of the protocols between each other. However,
it does not necessarily indicate the accuracy of all protocols. Besides a reference value,
a nominal value can also be defined for all measurements. These nominal values and
their standard uncertainties are based on the design drawings with quality assurance
measurements and statistical tolerances provided by IMT Masken und Teilungen AG. The
nominal values represent the theoretical dimensions that the geometry should have.

For the diameters of the holes, no statistical data were available, so the nominal value
from the design (i.e., 800 um) was used. Based on IMT’s experience, a standard uncertainty
of 15 um was assumed, resulting in an expanded uncertainty of 30 pm.

The depth was measured by IMT during quality assurance, with values falling within
a range of (98.3 £ 0.4) um, giving an expanded uncertainty of 0.8 pm.

The width of the main channels was estimated using the known depth, leading to a
calculated nominal width of (996.6 £ 2.66) um for this specific batch of chips.

Finally, the length of the main channels, defined as the maximum distance between the
inlet and outlet holes (designed at 39,800 pm), depends on the precision of hole placement.
Based on IMT’s experience, a precision of 7.5 pm per hole was assumed, leading to a total
standard uncertainty of 15 um for the length of the main channels and, thus, an expanded
uncertainty of 30 pm.

Using these estimations, the consistency of the measurement values of each protocol
with the nominal values can be tested.

To investigate the influence of material on measurements, a straightforward approach
was adopted. Protocol 1 was applied to both glass and polymer chips, and the standard
uncertainty of the measurements was compared. This standard uncertainty, defined in
Equation (2), consists of a standard deviation term (s;), related to the actual measurements,
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and an uncertainty term (u.), related to the calibration of the machine used. Since the
calibration uncertainty for the OGP SmartScope ZIP®250 is identical for both polymer and
glass measurements, it is more informative to compare the standard deviations of the actual
measurements. Thus, the standard deviations from Protocol 1 for both polymer and glass
measurements will be compared.

4. Results
4.1. Glass Chips

Each protocol naturally gave a set of results for the glass chips. The three complete
sets of results can be found in the Electronic Supplementary Information. For analysis
purposes, the results from a single chip, Design 01—series 01, and only its first channel,
Channel 01, will be treated here. In this channel, the protocols performed the following
measurements:

—  The diameter of Hole 01;
—  The diameter of Hole 02;
—  The width of the channel;
—  The depth of the channel;
—  The length of the channel.

The subsequent figures (Figures 7-11) show the resulting values from all three proto-
cols, their associated reference value, and the nominal value of each measurement.

740

Tan

Figure 7. Consistency test for the diameter of Hole 01 in Channel 01 of chip Design 01—series
01. Error bars represent the expanded uncertainty. Likewise, U(RV) is the expanded uncertainty
associated with the reference value.

To determine the consistency between the different protocols and their resulting
reference value, the normalized error values (Ep) are shown in Table 2.

Table 2. Normalized error values between protocols and their resulting reference value (RV) for each
measurement. Values that indicate inconsistency are marked in red.

Diameter Diameter .
Hole 01 Hole 02 Width Depth Length
Protocol 1 —-1.78 —4.44 —1.57 N/A 1.48
Protocol 2 0.33 4.14 1.65 N/A 0.32

Protocol 3 2.30 1.12 —0.40 N/A —1.95
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Figure 8. Consistency test for the diameter of Hole 01 in Channel 01 of chip Design 01—series

01. Error bars represent the expanded uncertainty. Likewise, U(RV) is the expanded uncertainty
associated with the reference value.
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Figure 9. Consistency test for the depth of Channel 01 of chip Design 01—series 01. Error bars

represent the expanded uncertainty. Likewise, U(RV) is the expanded uncertainty associated with the
reference value.
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Figure 10. Consistency test for the width of Channel 01 of chip Design 01—series 01. Error bars

represent the expanded uncertainty. Likewise, U(RV) is the expanded uncertainty associated with the
reference value.
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Figure 11. Consistency test for the length of Channel 01 of chip Design 01—series 01. Error bars
represent the expanded uncertainty. Likewise, U(RV) is the expanded uncertainty associated with the
reference value.

Given that the depth was only measured with Protocol 1, there is no reference value
or normalized error for a consistency test.

Finally, the consistency between the protocols and the nominal value was determined
for each measurement. The normalized errors for this consistency test are shown in Table 3.

Table 3. Normalized error values between protocols and the nominal value for each measurement.
Values that indicate inconsistency are marked in red.

Diameter Diameter

Hole 01 Hole 02 Width Depth Length
Protocol 1 0.16 0.33 —0.93 —7.81 0.02
Protocol 2 0.35 0.96 0.23 N/A 0.20
Protocol 3 0.99 0.99 —0.42 N/A —2.04

4.2. Polymer Chips

The full set of results from the polymer chips acquired with Protocol 1 can be found in
the Electronic Supplementary Information. As an excerpt, Table 4 shows the width and
depth measurements, as well as their standard deviations, for the first design of one of
the COC chips. To facilitate a more meaningful comparison of these standard deviations
against those from measurements made on glass chips, they are expressed in percentages.

Table 4. Measurements of the width and depth of the channels in Circuit 1 of one of the TOPAS©
COC chips, as well as their associated standard deviations.

Width Depth

Average Standard Average Standard

Measured Deviation Measured Deviation
0.1 pm 1.7 um
Channel 01 503.1 pm (0.0%) 358.0 pm (0.5%)
Leakage 0.1 um 1.8 um
Channel 01 108.5 pm (0.1%) 123.6 um (1.4%)
0.1 pum 2.7 um
Channel 02 508.1 um (0.0%) 372.9 um (0.7%)
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For comparison purposes, Table 5 provides measurements and uncertainties from
Protocol 1 for the measurement directions corresponding to those of Table 4.

Table 5. Measurements of the width and depth of the channels of glass chip Design 01—series 01, as
well as their associated standard deviations.

Width Depth
Average Standard Average Standard
Measured Deviation Measured Deviation
0.2 pm 4.6 um
Channel 01 991.3 pm (0.0%) 13.8 pm (33.0%)
0.2 um 1.3 um
Channel 02 992.1 um (0.0%) 17.9 pm (7.6%)
0.2 pm 3.3 um
Channel 03 992.4 um (0.0%) 20.2 um (16.3%)
0.5 um
Leakage channel 143.0 pm (0.3%) N/A N/A

5. Discussion
5.1. Comparison of Protocols

The normalized error values in Table 2 suggest that the protocols are often inconsistent
with the reference values. On the contrary, Table 3 shows the protocols mostly consistent
with the nominal values. The consistency of Protocol 1 with the nominal values slightly
outperforms that of Protocol 2, which in turn slightly outperforms Protocol 3. This implies
while the different protocols produce different values, they remain consistent with the
nominal values and their expanded uncertainties. This also indicates the need for a more
detailed exportation of the uncertainty calculations, as they are likely underestimated
across all protocols.

In particular, for longer dimensions, such as the channel length, the accuracy of the
optical profilometer is higher than that of the other protocols.

Several factors may explain the decreased accuracy of the length measurements in
Protocol 3. The most evident reason is the extra uncertainty term introduced in the standard
uncertainty definition due to the combination of two different methods (see the comparison
between Equation (2) to Equation (3)). Additionally, the uncertainty of each method
includes an extra factor related to image stitching, on top of the uncertainty associated with
calibration. Lastly, the average and standard deviations for Protocol 3 are based on two
measurement points, one from each method. Improving any of these three factors might
potentially improve the consistency of this protocol with the nominal values for length.

In terms of uncertainty, Protocol 1 presents smaller values than the others in all
measurement dimensions.

5.2. Close-Up on Depth Measurements

For the depth measurements shown in Figure 10, only Protocol 1 was capable of
providing results, but these were inconsistent with the nominal values (see Table 3
and, additionally, Table 5). Several factors could explain this inconsistency and suggest
potential improvements.

First, the measurements were corrected with the refractive index of the material. The
refractive index is given for a specific wavelength (589 nm), which may not exactly match
the wavelength of the SmartScope ZIP®250 used in Protocol 1. OGP indicated that the
wavelength of the grid light for measurements in Z could range from 575 to 625 nm (Table 6).
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However, even if the wavelength is different slightly, considering the material’s refractive
index variations, it is unlikely to cause significant changes in the measured values [17,25].

Table 6. Refractive indices of D263@bio glass for different wavelengths spanning the SmartScope.

ner (643.8469 nm) ZIP®250 focus light range. 1.5209
np (589.2938 nm) 1.5230
1, (546.074 nm) 1.5255 £ 0.0015

If the value of the refractive index is not the issue, then it may be the method of
applying it. The straightforward multiplication of the measured values with the refractive
index to correct for deformation is regularly used for structures with a single refractive
interface. However, for an internal channel with two refractive interfaces, this assumption
might not hold, and further investigation is warranted, which would also take into account
the NA of the imaging optic and its influence on the estimated optical path length.

Another possibility is that the optical profilometer did not accurately measure either of
the two surfaces. Given the high surface quality of wet-etched channels and the proximity of
its top and bottom planes, the channel itself might act as a lens. In this case, the low surface
roughness, which is usually considered an advantage, might impede proper measurement.
This too would be worth further investigation.

It seems unrealistic to hypothesize that the bonding process has altered the channel
depth from the quality assurance value of 98.3 &= 0.4 um to the measured values in Table 5.
A destructive test could verify this; however, other tests performed on these chips within
the 20NRMO02 MEFMET project would likely have detected such a drastic geometry change.

To suggest further improvements in depth measurement for internal microfluidic
channels, an additional method was tested. The following paragraph describes preliminary
results obtained during this work, which could provide an interesting avenue for future
work on depth measurement protocols for internal microfluidic channels.

Leakage Channel 02 of a polymer chip was measured using a Zeiss LSM 510 con-
focal fluorescence microscope. The instrument operates based on a confocal principle,
which eliminates out-of-focus light from focal planes (called optical sections) and col-
lects serial optical sections. In comparison to conventional epifluorescence microscopy,
confocal microscopy can produce three-dimensional images by stacking up a series of
Z-images. Confocal microscopy is well suited to measure the depth of an enclosed microflu-
idic channel. It must be noted that a fluorophore solution was injected into the chip for
these measurements.

The obtainable resolution in Z depends on the NA value and the magnification of
the microscope’s objectives. Two objectives were used: an x20 NA = 0.5 objective and an
%100 NA = 1.3 objective, allowing for a resolution in Z of 2.07 um and 0.44 um, respectively.
The higher NA value objective thus enables thinner optical slicing. With this objective,
however, for optical sections further away from the base of the channel, the fluorescence
intensity significantly decreases because of fluorescence self-absorption effects. This effect
is clearly visible in Figure 12.

Figures 13 and 14 show the resulting Z-stacks of the confocal fluorescence measure-
ments made with the x20 N = 0.5 objective and the X100 NA = 1.3 objective, respectively.

To estimate the channel height using these confocal measurements, first it is necessary
to determine the sections at which the fluorescence intensity in the channel is significant
compared to outside the channel. This can be performed by comparing the intensity at
the center of the channel to the intensity measured outside of the channel (as shown in
Figure 12).
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Figure 12. Average fluorescence intensity for successive optical sections (slices) measured in the
center of the channel (black) and to the side of the channel (red). Base of the channel at slice 0.
(a) Measurements from the x20 NA = 0.5 objective, 2.07 um sections. (b) Measurements from the
%100 NA = 1.3 objective, 0.44 um sections.
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Figure 13. Integrated fluorescence intensity from Z-stack of all 50 optical sections taken with the
%20 NA = 0.5 objective. (a) Cross-section of channel height. (b) Fluorescence Intensity profile of all
optical sections over an x-cut perpendicular to both the long channel axis and the channel height axis.
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Figure 14. Integrated fluorescence intensity from Z-stack of all 180 optical sections taken with the
%100 NA = 1.3 objective. (a) Cross-section of channel height. (b) Fluorescence Intensity profile of all
optical sections over an x-cut perpendicular to both the long channel axis and the channel height axis.

Secondly, a decision needs to be made about the minimum value of fluorescence inten-
sity within an optical section corresponds to that confocal slice being substantially within
the channel. This decision is necessary because the confocality is not perfect: for all practical
pinhole sizes, light from a range of Z-distances will pass through. For a homogeneous
fluorescence solution, such as the one in use here, a lower limit for fluorescence intensity to
determine whether an optical section is substantially within the channel could, for example,
be taken as 1% of that found at the channel’s mid-height.
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Using this 1% criteria, it is possible to estimate that 37 of the 50 optical sections from
the x20 NA = 0.5 objective are substantially within the channel. With its resolution in
Z of 2.07 pm (calibrated to be accurate to 0.1 um using an internal encoder), the channel
height of the polymer device is estimated at (74.5 &= 4) um (there will be at least on slice
uncertainty at both the top and bottom of the channel).

Despite the fact that the profiles collected using the x100 NA = 1.3 objective appear
noisy (especially at sections further from the channel base), it is possible to make an accurate
estimate of which slices have a fluorescence intensity above the 1% threshold. For the
%100 NA = 1.3 objective, there are 166 out of 180 optical sections above the 1% fluorescence
intensity criteria, corresponding to a channel height estimate of (73.0 & 0.8) um.

Thus, the two measurements are consistent with each other, with the
%100 NA = 1.3 objective having greater precision.

There is a channel height discrepancy between the design specifications and the height
measured by confocal microscopy. These parts are made by sealing an upper piece, which
bears the imprinted channel profile, to a lower piece that is a plain (flat) plastic substrate. A
significant fraction of this discrepancy in heights is most likely due to the bonding process
used to seal the two pieces together. As can be seen from the fluorescence x-cut profiles of
Figures 13 and 14, the measured width of the lowest 5-10 pm of the channel is significantly
larger than the main part of the channel (at approximately 30 pm above the base). If this
lower, wider part of the channel profile is disregarded, and the fluorescence criteria used
to define the channel height is relaxed from 1% to 5% of the main channel intensity, then
the measurement of upper piece channel height becomes 56 pum, significantly closer to the
design specification of 50 pm.

These preliminary results hint in the direction of another interesting method worth
investigating in future work for depth measurements of internal channels in transparent
microfluidic devices.

5.3. The Influence of Different Materials

Following the comparison between protocols, the influence of different materials on
measurements will be considered. Measurements taken on polymer and glass chips in the
XY-plane will be considered separately from those taken in the Z-axis.

The standard deviations in the XY-plane (width measurements from Tables 4 and 5)
are generally within the range of a few tenths of micrometers for both polymer and glass
measurements. When expressed as percentages, it becomes even more evident that the
standard deviation is negligible for both materials.

It would be interesting for future research to investigate whether this observation
holds true for other materials commonly used in microfluidics (e.g., PP, PC, COP, and
PMMA) and other measurement methods (e.g., optical or confocal microscopy). Experience
suggests that the SmartScope ZIP®250’s apparent indifference to material type may not
necessarily extended to other techniques.

In contrast, the standard deviations of the depth measurements in TOPAS© COC are
much lower than those for D263©bio glass.

During the measurements, it was noticed that the SmartScope ZIP®250 seemed to
distinguish more clearly between the top and bottom planes of the internal channels in the
polymer chips. For this reason, the Z-coordinates of the top and the bottom planes were
subtracted directly to calculate the channel depth. As mentioned earlier, it is hypothesized
that the polymer chips” higher surface roughness, which is usually a disadvantage, might
have helped the optical profilometer better define a focus plane compared to the near-
perfect smoothness of the wet-etched glass channels. Testing this hypothesis would be an
interesting avenue for future research.
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It is worth noting that, regardless of whether the standard deviation is low or high,
the accuracy of depth measurements in both materials is questionable. In both TOPAS©
COC and D263©bio glass, the depth measurements were inconsistent with their nominal
values. In addition, although the profilometer was seemingly capable of distinguishing
between the top and bottom of the internal channels in the polymer chips, it is difficult to
differentiate it from the actual bottom of the chip. This might explain the overestimation of
the depth of Leakage Channel 01, as shown in Table 4.

6. Conclusions

Accurately measuring internal structures after chip assembly is a well-recognized
challenge in the microfluidic industry. This study, conducted as part of the EMPIR MFMET
project, compared three different protocols, namely optical profilometry, optical microscopy,
and tiled digital imagery, for measuring different internal microfluidic structures in chips
made from D263Cbio glass and TOPAS© COC.

A consistency analysis using normalized error statistics revealed Protocol 1, optical
profilometry, as the preferred method due to its low uncertainty compared to the other
protocols and its higher consistency with nominal geometry values.

However, challenges were encountered in measuring the depth of the internal ge-
ometries. The only protocol able to provide a measurement of the internal channel depth,
optical profilometry, gave results that are highly inconsistent with their nominal values.
Several avenues for future research are proposed, including a study of how to apply the
refractive index for deformation compensation when dealing with multiple refraction
interfaces. Another promising method is confocal fluorescence microscopy, which showed
promising preliminary results.

The performance of TOPAS© COC chips was not significantly better or worse than that
of D263©bio glass chips. This suggests that both materials are equally compatible with op-
tical profilometry. However, depth measurements presented an exception, as channels with
poorer surface roughness were easier to measure using the optical profilometer. Despite
that, the depth measurements for the TOPAS© COC chips were also unsatisfactory. Further
research comparing other common materials in microfluidics and different measurement
techniques is recommended.

The results of this work directly address the current lack of accurate, robust, and
validated measurement methods for internal microfluidic structures, offering a compre-
hensive comparison of different protocols and ultimately suggesting a preferred option
for immediate application in the microfluidic industry. Additionally, this study offers
valuable directions for future research, taking an important step toward overcoming a
significant challenge that has hindered the microfluidic industry from reaching its full
potential. The information obtained in this work also indicates the need for standardization
in the field of dimensional measurements in microfluidic technology, especially after the
chip’s assembly. New European standardization projects will help in the development
of standards for microfluidic dimension application within ISO/TC48/WG4 microfluidic
devices, as foreseen in their new roadmap.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /metrology5010004/s1, Table S1: Glass Measurements Analysis;
Table S2: Glass measurements for Analysis; Table S3: Glass Measurements protocol 1 CEA; Table S4:
Glass Measurements protocol 2 LNE; Table S5: Glass Measurements protocol 3 UofG; Table Sé:
Polymer Measurements protocol 1 CEA; File S1: ChipDesign GlassTransferStandard IMT; File S2:
ChipDesign PolymerTransferStandard MCS (pdf); File S3: ChipDesign PolymerTransferStandard
MCS (stp); File S4: Calibration Report protocoll CEA; File S5: Calibration Report protocol3 UofG.
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The CCM.FF-K1.2022 comparison was organized to determine the degree of equivalence of national standards for
liquid flow in the range from 0.1 pL/min to 10.0 pL/min. A Coriolis mass flow meter and a thermal flow meter
were used as transfer standards. Six laboratories from three regional metrology organizations (RMOs) partici-
pated between April 2023 and December 2023; EURAMET: METAS (Switzerland), CETIAT (France), IPQ
(Portugal); SIM: NIST (United States of America); APMP: CMS (Taiwan, R.O.C.), NMIJ (Japan). METAS was the

pilot laboratory and performed preliminary tests of the transfer standards to quantify their repeatability and
reproducibility and to assess the stability of the artifacts. The key comparison reference values (KCRVs) were
determined at each flow set point following the procedure presented by M. G. Cox and the ¥ consistency check.
The degree of equivalence with the KCRV was calculated for each flow and laboratory.

1. Introduction

The first key comparison of liquid flow covering the smallest liquid
flow calibration measurement capability (CMC) entries is registered as
CCM.FF-K1.2022 (EURAMET Project 1852) at the Bureau International
des Poids et Mesures (BIPM) and will be finalized in 2024. The pilot
laboratory is METAS and the participants are METAS, NIST, NMIJ, IPQ,
CETIAT and CMS. The covered flow range is 0.1 pL/min to 10.0 pL/min.
Two transfer standards were selected and extensively characterized by
METAS. The first one is a Coriolis flow meter ML120 from Bronkhorst
High-Tech B.V.,! which covers the range from 5 mg/min to 10 mg/min.”
The second one is a thermal flow meter SLG64-0075 from Sensirion AG,
which covers the range from 0.1 pL/min to 5.0 pL/min. All the mea-
surements were performed between March 2023 and December 2023
and the analysis of the measurement results and calculation of the key
comparison reference are complete. Draft A of the comparison report is
under review [1].

The preliminary testing of the transfer standards, their repeatability
and reproducibility will be discussed in this paper. The results of the
laboratories will be treated anonymously and are not extensively
described in this paper as the final report of the key comparison is still
under review.

2. List of participants

Six laboratories participated in the comparison, selected according to

the uncertainty listed in CMC entries or peer-reviewed publications,
their regional representation, and their experience in measuring low
flows. Each laboratory had one week for the calibration of the Coriolis
flow meter ML120 (three flows) and two weeks for the calibration of the
thermal flow meter SLG64-075, because six flows were measured with
this flow meter in the lower flow range. Three weeks were allowed for
transportation to the next participating laboratory.

The participants and the type of reference standards used are listed in
Table 1. Eight measurement standards were used by the 6 participants.
Five of the primary standards were gravimetric, using the change of
mass with respect to time of water collected on a weigh scale to calculate
flow. Three laboratories used the displacement of water along a cylinder
of known diameter (by tracking a piston in a syringe pump or a liquid
interface) to measure flow. The uncertainty’ of the participants’ refer-
ence flow measurements at the 9 comparison set points ranged between
0.04 % and 4 %, with a median value of 0.7 %. Details of the operating
principles and uncertainty of the participants’ primary standards can be
found in the references listed in Table 1.

3. Transfer standards (TS)
The transfer standards were provided by METAS: a Coriolis flow

meter ML120 from Bronkhorst High-Tech B.V. (TS1) and a thermal flow
meter SLG64-075 from Sensirion AG (TS2).

! Certain commercial entities, equipment, or materials may be identified in this document in order to describe an experimental procedure or concept adequately.
Such identification is not intended to imply recommendation or endorsement, nor is it intended to imply that the entities, materials, or equipment are necessarily the

best available for the purpose.

2 For water, 1 pL/min = 1 mg/min. Herein, we use mass flow units for the Coriolis meter and volume flow units for the thermal flow meter to be consistent with

their operating principles.

3 All uncertainties stated herein ar approximately 95 % confidence level (k = 2) values unless otherwise stated.

https://doi.org/10.1016/j.measen.2024.101560

Available online 8 January 2025
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Table 1
The participants and type of Reference or Primary Standard used to calibrate the
Transfer Standard (TS).

Participant TS: Type of reference or Primary Standard
METAS (Switzerland) TS1: Piston Prover
TS2: Piston Prover [2-4]

CETIAT (France) TS1:
TS2:
TS1:
TS2:
TS1:
TS2:
TS1:
TS2:
TS1:
TS2:

Gravimetric [2,4,5]
Optical front track [2,5]
Gravimetric [2]
Interferometer [2]
Gravimetric
Gravimetric [6]
Gravimetric
Gravimetric
Gravimetric
Gravimetric [7,8]

IPQ (Portugal)
NIST (USA)
CMS (Taiwan, R.O0.C.)

NMIJ (Japan)

3.1. TSI (Coriolis mass flow meter)

TS1 is a Coriolis flow meter ML120 manufactured by Bronkhorst
High-Tech B.V. (see Fig. 1). The maximum flow is 83.3 mg/min and the
minimum flow is 0.83 mg/min. The internal volume is approximately 30
pL and it has 1/16" Swagelok connectors. TS1 was calibrated at 10 mg/
min, 8 mg/min and 5 mg/min.

3.2. TS2 (thermal flow meter)
TS2 is a thermal flow meter SLG64-0075 manufactured by Sensirion
AG (see Fig. 2). Its maximum flow is 5000 nL/min and the minimum

flow is 20 nL/min. The internal volume is approximately 0.35 pL and it
has 10-32 coned, finger-tight connectors. TS2 was calibrated at 5000

mini COR-FLOW"

Digital Mss Flaw Mefsriastrofler

Fig. 1. Coriolis flow meter ML120 from Manufacturer Bronkhorst High-Tech
B.V.
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Fig. 2. Thermal flow meter SLG64-0075 from Sensirion AG.

nL/min, 2000 nL/min, 1000 nL/min, 500 nL/min, 200 nL/min and 100
nL/min.

4. Comparison protocol
4.1. General information

The comparison protocol was finalized and accepted by all partners
in March 2023. To determine the key comparison reference value
(KCRYV) the formula of the weighted mean was used, using the inverses
of the squares of the associated standard uncertainty of the participants’
results as the weights [1]. A y2 consistency check was used, to ensure the
overall consistency of the set of the results from the laboratories used to
calculate the comparison reference value [1]. If the consistency check
passed, the participant’s results at that flow set point were accepted for
the calculation of the reference value. If it failed, the result of the lab-
oratory with the largest contribution y2,,s was omitted from the
calculation of the reference value. The normalized degrees of equiva-
lence E, were also determined.

4.2. Measurement conditions

The requirements given in the comparison protocol for calibration
conditions were:

e upstream pressure: 0.1 bar-1.0 bar.
e water temperature: between 17 °C and 23 °C.
e at least three repetitions per flow set point.

The means of generating the upstream pressure used to drive the flow
through the transfer standards was left up to each participant. Most used
a syringe pump, but two applied a regulated gas pressure to drive water
out of a sealed reservoir. The flow measurements of the transfer stan-
dards were used to establish flow at the set points prescribed by the
comparison protocol. The flow stabilization time prior to collecting
measurements necessary to avoid temperature effects and the minimum
measurement time were also decided by each participant.

4.3. Importance of zero-flow indication

Mechanical stresses and the environmental conditions surrounding
the transfer standard flow meter can change their zero-flow indication.
Therefore, it is important to determine the zero-flow of the flow meter in
each participant’s installation and make zero corrections. Any drift in
the zero-flow may cause serious deviations in the flow measurements at
these low flows. Zero corrections were mandatory for this key
comparison.

As prescribed in the comparison protocol, zero flow was established
at the transfer standard by filling the meter with water and closing
valves upstream and downstream from the meter. Recording the zero-
flow over a long period allows one to see if the zero-flow conditions
are actually achieved and that the indicated value is not changing
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anymore. The zero-flow measurements were performed prior to and
after the calibration in order to verify its stability. Each participant
corrected the transfer standard flow readings by subtracting the transfer
standard zero flow values measured in their laboratory from the transfer
standard flow readings.

TS2 has the option for zeroing the flow meter by means of the
Bronkhorst software FlowDDE and FlowPlot. TS1 does not have an op-
tion for zeroing the flow meter, so zero corrections were implemented in
a spreadsheet.

4.4. Cleaning procedure for the TS’s

It was important to clean the flow meter prior and after the cali-
bration. Once the flow meter was taken out of the facility, it had to be
cleaned and dried. Using clean water does not mean that the water
passing through the flow meter is still clean, as the water passes through
all the tubing, fittings, and sensors. It is likely that a thin biological film
is deposited on the wall of the glass pipe in the thermal flow meter. This
film must be removed by cleaning to maintain stable flow meter
calibration.

Any contamination on the glass pipe of the thermal flow meter causes
a different reaction of the sensing element, which is recording the heat
contribution from an electric heater. It is known from prior studies that
without cleaning, the thermal flow meter can show a clear drift in the
calibration curve. All these effects are mainly affecting the performance
of the flow meter at their lower flow range.

To clean and dry the meter, the following procedure was
recommended:

1. Flush the meter with isopropyl alcohol for at least half an hour. It
may be beneficial to use a dedicated syringe pump to be able to make
a close connection to the flow meter. Avoid overpressure with a
pressure relief valve for an active flow generator.

2. Flush the meter with nitrogen gas. It is possible to use dry air as well
(if no other choice). But make sure that it is an oil-free supply (have
an oil filter in place!)

5. Characterisation of the TS’s

METAS performed extensive repeatability and reproducibility tests
of the transfer standards over several months to check the suitability and
stability of these transfer standards for this key comparison. The pre-
liminary evaluation tests follow the approach established by the CIPM
Consultative Committee for Mass and the Working Group for Fluid Flow
to quantify uncertainty contributions related to the transfer standard
(Uts) caused by its repeatability, reproducibility, or the conditions
under which it is used [9,10].

As for the comparison itself, the deviation (¢) between the flow
indicated by the transfer standard and the flow measured by the labo-
ratory’s primary standard, expressed in percent of reading, was used as
the measurand.

5.1. Calculation of repeatability uncertainty

The repeatability of the deviations at a flow set point was determined
with a series of measurements on several days under the same installa-
tion conditions and where the TS was not removed from the facility. The
representative repeatability uncertainty (k = 2) is calculated according
to:

URepeat =25n (l)

where s is the standard deviation of the deviations (¢) and n is the
number of measurements.
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5.2. Calculation of reproducibility uncertainty

The reproducibility of the deviations at a flow set point was deter-
mined with a series of measurements performed under the same
installation conditions, but after removing the TS from the facility and
installing it again several days or months later. For each series of mea-
surement, the average deviation was calculated. The scatter of e,y Over
time represents the reproducibility. The representative reproducibility
uncertainty (k = 2) is calculated according to:

(gave.max - Save.min)

2
73 (2

U, Reprod —

5.3. Extensive characterisation of TS1

The calibration results performed at METAS between October 2022
and November 2023 are shown in Fig. 3. The results of the deviations at
the flows generally show consistent results within the manufacturer’s
specified uncertainty, although there are some outliers. All the results
were used to calculate the repeatability and the reproducibility of the
flow meter.

5.4. Repeatability of TS1

Four different series of measurements were performed leading to
four repeatability values, which were averaged to get the representative
repeatability of TS1 listed in Table 2.

5.5. Reproducibility of TS1

Four different series of measurements were used to calculate the
representative reproducibility uncertainty listed in Table 3.

5.6. Total expanded uncertainty of TS1

The uncertainty contributed to the comparison by TS1 consists of the
contributions of the repeatability and the reproducibility and is reported
in Table 4.

5.7. Extensive characterisation of TS2

The calibration results performed at METAS between August 2020
and December 2023 are shown in Fig. 4. The deviations are consistent
results within the stated uncertainty, although there are some outliers.
These results were used to calculate the repeatability and the repro-
ducibility of the flow meter. The deviation at 5000 nL/min shows larger
reproducibility effects as it is the upper limit of the flow meter. The
sensitivity of the thermal flow meter is worse in this range.
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Fig. 3. Calibration of TS1 at METAS. The results for the flows calibrated be-
tween 2022 and 2023 are consistent within the manufacturer’s specifications,
although there are some outliers.
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Table 2
Repeatability of TS1.

Nominal flow Ugepeat (k = 2)

10 mg/min 0.15 %
8 mg/min 0.29 %
5 mg/min 0.38 %
Table 3
Reproducibility of TS1.
Nominal flow Ugeproa (k = 2)
10 mg/min 0.14 %
8 mg/min 0.13 %
5 mg/min 0.29 %
Table 4
Transfer standard uncertainty of TS1.
Nominal flow Ursy (k =2)
10 mg/min 0.21 %
8 mg/min 0.32%
5 mg/min 0.48 %
3.5t T
E | ® 2020 08_28 20210107 ® 202109 14 2022 09 07| o
F o © 20221010 ® 2023 0329 ® 2023 1205 ® 2023_12_ 06| ]
3.0 2023_12_19 =
g 25F _ T L
g E 3
= 20 e
] C o
I I | z
o 15 I‘ =
1.0F I = g
0 S :I I s 1 1 1 11 1.1 I 1 L L 1 L1 1 I:
89 5 3 4 5 6789 3 2 3 4 5 6788 P
10 10 10

Reference flow rate (nL/min)

Fig. 4. Calibration of SLG64-0075 at METAS. The results for the flows cali-
brated between 2020 and 2023 are consistent within the transfer standard
uncertainty.

5.8. Repeatability of TS2

Seven different series of measurements were performed leading to
seven repeatability values, which were averaged to get the representa-
tive repeatability of TS2 listed in Table 5.

5.9. Reproducibility of TS2

Seven different series of measurements were used to calculate the
representative reproducibility uncertainty listed in Table 6.

5.10. Total expanded uncertainty of TS2

The total expanded uncertainty contributed to the comparison by
TS2 consists of the contributions of the repeatability and the reproduc-
ibility and is reported in Table 7.

6. Normalized degree of equivalence

The normalized Degree of Equivalence (E,) between the results of
each laboratory and the key comparison reference value (KCRV) is
calculated according to Refs. [1,11,12].

The interpretation of the absolute value of E, is as follows:
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Table 5
Repeatability of TS2.

Nominal flow Ugepeat (k = 2)

5000 nL/min 0.06 %
2000 nL/min 0.08 %
1000 nL/min 0.04 %
500 nL/min 0.06 %
200 nL/min 0.12%
100 nL/min 0.08 %
Table 6
Reproducibility of TS2.
Nominal flow Ugeprod (k = 2)
5000 nL/min 0.44 %
2000 nL/min 0.37 %
1000 nL/min 0.23 %
500 nL/min 0.19 %
200 nL/min 0.27 %
100 nL/min 0.36 %
Table 7
Transfer standard uncertainty of TS2.
Nominal flow Ursz (k = 2)
5000 nL/min 0.44 %
2000 nL/min 0.38 %
1000 nL/min 0.24 %
500 nL/min 0.20 %
200 nL/min 0.30 %
100 nL/min 0.37 %

e |E,| < 1: the result of the laboratory is consistent with KCRV.

e 1.0 < |E,| < 1.2: the result of the laboratory might indicate a
possible warning in the measurement process.

e |E,| > 1.2: the result of the laboratory is not consistent with KCRV.

The normalized Degree of Equivalence E, for TS1 and TS2 are shown
in Figs. 5 and 6 respectively. An extensive discussion of the results is not
possible due to the status of the comparison report, which is currently
under review.

7. Explanations for discrepant results

Several E, values show inconsistent results with the KCRV. Possible
explanations for the discrepant results of the laboratories are given in
this section.

One laboratory reported that their temperature control facilities had
some issues during the measurements. The room temperature exceeded
24 °C for some time and so the technicians waited until the room tem-
perature fell below 23 °C again to perform the measurements. The lack
of time could have led to an improper procedure for the measurements,
which could have affected the determination of the zero-flow correction
and the stabilization time of the system for the measurements.

Two laboratories used flow generators with strong pulsations leading
to a cut-off effect of TS2, because the fluctuations of the flow exceeded
the manufacturer’s high flow cut-off limit at 5500 nL/min when tested
at the maximum flow set point of 5000 nL/min, shown in Fig. 7. Thus,
time-averaged values of the TS2 readings were underestimated and led
to discrepant deviations.

One laboratory reported a drift of the indication of the zero-flow. The
knowledge of the indication of the zero-flow of the flow meter is very
important as the correction for the zero-flow was mandatory for this key
comparison. Usually, the zero-flow is not drifting and stable after a
stabilization time that guarantees the "no flow conditions" at the flow
meter.
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Fig. 5. The E, values for TS1. The dotted line represents the E, = 0, the short-
dashed line represents E, = +1 and the long-dashed line represents E, = +1.2.
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Fig. 7. Cut-off issue at the flow of 5000 nL/min for the TS2 due to fluctuating
input flow. The TS2 has a cut-off limit at 5500 nL/min (red line). Reference
flow (black line) and TS2 data (green line).

Incomplete cleaning was suspected to cause contamination and drift
in the flow sensor. Therefore, the pilot laboratory performed an
improper cleaning procedure to test the significance of this possible
source of drift. The flow meter was flushed with isopropyl alcohol, but it
was not dried with nitrogen prior to the flushing with water and the
flushing with water was performed much shorter than usual. The indi-
cation of the zero-flow of the flow sensor was not stable even after 6 h, as
shown in Fig. 8.

8. Conclusions

The CCM.FF-K1.2022 comparison was performed with the calibra-
tion of two transfer standards in the range from 0.1 pL/min to 10.0 pL/
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Fig. 8. Instability of the zero-flow after cleaning TS2 without drying it.

min. The results were analyzed following the procedure presented by M.
G. Cox and the y? consistency check [1].

Several En values show inconsistent results with the KCRV. Possible
explanations for the discrepant results of the laboratories are: time issues
affecting the determination of the zero-flow corrections and the stabi-
lization time of the system for the measurements; cut-off effect of the
TS2 signal due to pulsating flows; instabilities of the zero-flow due to
contamination or cleaning issues.

The results have not been discussed extensively and in detail due to
the status of the key comparison report, which is currently under review.

This was the first key comparison of microflows and therefore some
variability between the participants was expected. It is now important to
investigate the sources of the differences and improve the microflow
standards.

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
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The precise control of fluids within channels is the common feature of the microfluidic systems, which endows
them with innovative applications and makes them widely applied in multidisciplinary areas. This work carried
out under the EMPIR project 20NRMO2 MFMET has the focus on the development of procedures regarding
volume and flow related quantity measurements using liquids such as water, simulated body fluid (SBF), and
phosphate buffer saline (PBS), used for microfluidic and medical applications. The results and uncertainties
obtained in the tested microfluidic devices made of glass, Cyclic Olefin Copolymer (TOPAS®) and Poly-

dimethylsiloxane (PDMS) demonstrate the importance of traceable and comparable measurements to the char-
acterization of microfluidic systems and their subsequent validation.

1. Introduction

Microfluidics, concerned with fluid-handling in the millilitre to
nanolitre scale, has major applications in biomedical and chemical
analysis, and recently specific applications of microfluidics, such as
organ-on-chip, have had exponential growth. The development of
microfluidics, and nanofluidics benefits from the advancements of en-
gineering techniques, especially in the aspect of high resolution, low
cost, easy processing, flexible design, and high throughput. Inspired by
microelectromechanical systems, essential components, including
channel, filter, valve, mixer, and pump, could be standardized and
incorporated in a single chip to design highly portable innovative fluidic
devices [1,2]. Therefore, the integrated fluidic devices are able to pro-
vide a versatile platform for the manipulation of flows at different length
scales, and the advancements of microfluidics, and nanofluidics have
stimulated the discoveries of novel materials and new sciences but so far,
quality control of microfluidic devices has mainly derived from manu-
facturer and/or academia expertise, without reliance on
well-established calibration procedures or standards that could poten-
tially streamline and accelerate production [3,4]. Despite the expected
impact of microfluidics (societal, health, well-being, environment, etc.),
commercial success stories are rare in comparison with the number of
laboratorial developments. The main reason for this is the gap between
microfluidics advancements made with custom-made devices and the
lack of reliable and reproducible products in the market. This is because
chips and connections are often developed and fabricated in-house, the
test protocols are customized, the materials are not compatible with
high volume production, etc. Therefore, it is fundamental to develop
guidelines as future standards in the areas of design, materials, and tests,
which are of direct relevance to industrial players and end-users in this
area.

This work, carried out under the EMPIR project 20NRM02 MFMET —
Establishing Metrology Standards in Microfluidic Devices [4], had the

https://doi.org/10.1016/j.measen.2024.101551
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purpose of testing different microfluidic devices concerning flow and
volume quantities and develop the corresponding technical procedures.
The methodologies developed are expected to be used in regulatory
documents and standards and thus highly benefit the characterization of
microfluidic devices, the accuracy of their physical and chemical func-
tionality, and all metrological operations involved in their lifetime, from
manufacturing to its application by the end-user.

2. Methods and procedures

The determination of volume and flow in a microfluidic device can
be done using several measurements techniques. These will be explained
in the following sections.

2.1. Flow measurements

Flow describes the unit quantity delivered over a unit time. Fluid
flow related to the gravimetric method consists of mass flow rate [kg/s]
and volume flow rate [m®/s].

There are various methods for determining the flow rate, e.g.
gravimetric method, front tracking, displacement methods (piston
prover as flow generator, interferometry), pPIV and others [5]. In
addition, there are also secondary methods (e.g. flow meters) which are
not included in this report.

2.1.1. Grayvimetric method

The gravimetric method is used to determine a delivered mass of a
liquid over a time interval. The method can be used for measurements of
both inline flow sensors and flow generators. To achieve the measure-
ments a weighing vessel, placed on a balance, collects the liquid to
determine the mass delivered. While the delivery time interval for the
collection of the mass is determined as well.

The mass flow rate relates the delivered mass and the delivery time
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Test
object

Fig. 2. IPQ gravimetric setup with glass chip.

and the volume flow rate relates to the mass flow rate and the liquid
density as presented in Eq. (1) and Eq. (2) respectively:

m L —I (15
Gn="r="" o) D
t t l—ﬁ
LIy (1-5
D ey @
pt o opt (122
Where:

qm Mass flow rate

qy Volume flow rate

m Mass

I;, Balance indication of the weighing vessel with final amount of
liquid

I, Balance indication of the weighing vessel with initial amount of
liquid

t Time

p1 Density of liquid

pa Density of air

po Density at reference conditions for weighing (1.2 kg/m®)

pp Density of the mass pieces (8000 kg/m%)

In microfluidic applications flow measurements other corrections
should be applied, namely the needle/tube buoyancy effect over the
weighing vessel (since the needed is immersed in the water), evapora-
tion, and surface tension between the needle and the liquid. The
calculation of these effects is described in detail in the work of Bissig
et al. [6] and in TIR 101 [7].

In a gravimetric microfluidic setup (Fig. 1), an electronic balance is
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Fig. 3. Example of a meniscus reading inside a capillary.

used in most cases to determine the delivered mass of a fluid from/
through a test object (can be a flow generator, a microfluidic device, or a
flow meter). The time interval in which the mass is delivered is deter-
mined by a timing module to derive the mass flow rate. The climatic
conditions such as air temperature, relative humidity and pressure are
determined to correct for buoyancy effects on the balance in AAMI TIR
101 [7]. The liquid temperature is determined to convert the mass flow
rate into a volumetric flow rate, considering the density of the liquid
used. Often a layer of oil is applied on top of the water surface in the
weighing tank (beaker) to reduce evaporation, especially at low flow
rates and the needle is immersed in the liquid of the weighing vessel to
avoid the drop count effect.

In this work the flow will be measured gravimetrically with and
without the microfluidic chips in order to access the influence of the
microfluidic channels is the accuracy and stability of the imposed flow.

The gravimetric used setup at IPQ with a glass chip is presented in
Fig. 2.

2.1.2. Front track method

The front tracking method [8,9] for flow measurements is an optical
method that consists of tracking the position of the meniscus of a liquid
(liquid/air or liquid/liquid interface) inside a (typically) capillary tube
over time. An optical image acquisition system and image processing
software is used to achieve the position over time of the meniscus.
Knowing the displacement of the meniscus over time and the
cross-section area of the capillary, it is possible to calculate the flow rate.
Alternatively, the front tracking method can be applied directly in a
microfluidic channel if the inner dimensions of the channel are known
along with their associated uncertainties.

The fluid flowrate related to the front tracking method relates the

optically acquired velocity of the fluid (%) to the dimensions of the
capillary tube (zr?). If the flow is measured inside a channel, replace
(7r*) by the channel’s cross-section (Eq. (3)).

_xoxm

: ar*.

3)
Where:

x1 Initial position of the meniscus

X5 Final position of the meniscus

At Time interval between the positions
r Capillary section radius.
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Fig. 4. IPQ front track setup with PDMS chip.

The test method includes calibration of the camera (determining the
pixel size), image processing, and determination of position of the
meniscus (Fig. 3).

e The calibration of the camera determines the relationship between
dimensions of a known and calibrated object (for example the outer
diameter of the capillary) and pixels of an image. Usually, the output
of the camera’s calibration is the pixel size in microns (pm).

The front track method used setup at IPQ with the PDMS chip is
presented in Fig. 4.

2.2. Volume measurements

The volume of a microfluidic channel can be determined gravimet-
rically according to the formula described in ISO 4787 [10]:

Vzo = (IL —IE) X —

PL = Pa

x (1 _’i) x [1—y(t—20)] . 4

Pr

Where:

Vs vol at a reference temperature of 20 °C

I, Balance indication of the vessel with the contained liquid

I Balance indication of the vessel with empty vessel

p1. Density of liquid

pa Density of air

po Density at reference conditions for weighing (1,2 kg/m®)

pp Density of the mass pieces (8000 kg/m®)

t Temperature

y is the coefficient of cubical thermal expansion of the material of
which the chip tested is made

Each microfluidic channel is tested separately. The difference ob-
tained in the weighing measurements gives the mass of the liquid con-
tained in a particular channel, converted to volume using equation (4).

For the residual volume determination, the chips are weighted with
the contained liquid and afterword the liquid is removed by aspiration.
The difference between the two masses gives the residual volume,
converted to volume using equation (4).

3. Microfluidic CHIPS

Three specific examples of microfluidic chips were used for the
experiments:

Measurement: Sensors 38 (2025) 101551

Fig. 5. PDMS chip.

Vb b I i b b e s s Lt b Ty R Py

Fig. 6. TOPAS chip.

(A7 o 0T |

~ PR

Fig. 7. Glass chip.

@) Polydimethylsiloxane (PDMS) chip with one channel of 100 pm
width and 50 pm depth, with two 0,9 mm inlet holes; material:
PDMS; dimensions: 40 x 10 mm; manufactured by INESC MN
(Fig. 5).



E. Batista et al.

Table 1
Dimensions of the glass chip.

Dimensions Width (mm) Depth (mm) Length (mm)
Main channels (green) 1.000 0.100 ~40
Leakage channels (blue) 0.150 0.002 ~10
Inlets and outlets 0.800
Error comparison between chips
40,00
T
3000 |
2 ® No chi
g o chip
pul e Gl
E 10,00 ass
i ® PDMS
o00 [ ! | § i:
02 04 06 08 1 12 @TOPAS

-10,00 |

-20,00 -
Nominal Flow (mL/h)

Fig. 8. Gravimetric flow results using different chips.

(ii) Topas Chip (see Fig. 6): parallel channels with mini Luer fluidic
interface; material: TOPAS® (Cyclic Olefin Copolymer for medi-
cal use); dimensions: 75,5 mm x 25,5 mm x 4 mm; with eight
parallel channels of 100 pm width, 100 pm depth, 18 mm length.
Luer fluidic interface, similar to “female mini luer port” inte-
grated directly on the chip, manufactured by microfluidic chip
shop.

(iii) Glass chip (see Fig. 7): dimensions 45 x 15 x 2 mm (Table 1)
material: glass; manufactured by IMTAG (Fig. 7).

4. Measurement results
4.1. Flow

Measurements of flow rate were performed in the 3 microfluid chips
using the gravimetric method and the front track method. Three liquids
were used, water, simulated body fluid (SBF), and phosphate buffer
saline (PBS). Tests were performed at three different flow rates. The
results are presented below:

4.1.1. Influence of the chip

In this test 3 different chips were tested at 0,01 mL/h, 0,1 mL/h and 1
mL/h. The results of the flow without the chip and with the different
chips are presented in Fig. 8:

The error obtained is the difference between the flow set in the pump
and the value determined in the balance.

From the results it can be observed the results and uncertainties at
the large flow rate for all chips are very similar. At lower flow rate the
error of the measurement with the chips are larger than the value of flow
without the chip, meaning that there is an influence of the artifact in the
results of flow rate (Fig. 8).

4.1.2. Influence of the liquid
Two different chips, PDMS and TOPAS were tested with 3 different
liquids, water, PBS and SBF at 0,01 mL/h, 0,1 mL/h and 1 mL/h using
the gravimetric method and a Nexus flow generator. The determined
errors are obtained by the difference between the flow results obtained
with and without the chip. The results are presented in Figs. 9 and 10:
It can be verified that the SBF and PBS liquid have larger errors than
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Error comparison between Liquids on PDMS chip

25,00
20,00 |
15,00 | }
10,00
. 500 {
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g 500 0 02 0,4 06 08 1 L2  epgs
"
-10,00 . @ 5BF
-15,00 |
-20,00 E
2500 |
-30,00 !
Nominal Flow {mL/h)
Fig. 9. PDMS chips flow results.
Error comparison between Liquids on Topas Chip
40,00
30,00 {
20,00
® { - ® Water
5 10,00
g ® PBS
[¥e}
0,00 : : - : 3 ® SBF
0 0,2 04 06 08 1 12
-10,00
-20,00
Nominal Flow {mL/h)
Fig. 10. TOPAS chips flow results.
Table 2
Method comparison results.
Method Generated Flow (ml/ Tested Flow (ml/ Error U (%)
h) h) (%)
Gravimetric 0,1 0,097 2,6 3,4
1 1,017 -17 3,0
Front track 0,1 0,0996 0,5 1,9
1 1,0259 -2,5 4,0

the water. The uncertainties are very similar for all liquids and flow
rates.

The liquid variation effect in the flow rate is smaller in the PDMS
chip compared with the TOPAS chip.

4.1.3. Different methods

The TOPAS chip was used in the method comparison. Two flow rates
were tested with water as refence liquid. The results are presented in
Table 2.

It can be seen from the results that the error and uncertainty obtained
for each method is quite similar, with a En value of 0,55 for the 0,1 mL/h
and 0,18 for 1 mL/h, therefore the two methods are consistent.

4.2. Hydrodynamic resistance

In a microchannel, it is possible to drive a flow by applying a pressure
difference, for example using a pump. Here, the hydrodynamic resis-
tance Ryyq is defined as the ratio of the pressure difference to the flow
rate. For a given microchannel, Rpyq is a constant parameter that
quantitatively describes the flow characteristics of the microchannel.

Using a Sensirion SLI-1000 flowmeter and Fluigent pressure unit S,
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Table 3
Results from paired measurements of flow rate and pressure difference for chip
4-1.

Setup Flow Flow unc. (k = 1) Pressure Pressure unc. (k = 1)
(pL/min) (pL/min) (mbar) (mbar)
System 50.7 1.5 12.1 1.7
209.7 5.5 21.4 1.6
420. 11. 32.3 1.6
625. 16. 42.4 1.8
828. 21. 54.6 2.4
1027. 26. 68.2 2.
System 1028. 27. 70.5 2.8
828. 21. 56.8 21
628. 17. 41.3 2.5
417. 11. 31.4 2.2
210.2 5.9 20.7 1.8
51.5 1.5 12.6 1.8
Main 50.7 15 15.5 1.8
209.8 5.5 44.8 1.5
421. 11. 72.7 1.5
624. 16. 103.2 1.6
827. 21. 128.7 1.6
1026. 26. 157.2 1.6
Main 1029. 26. 155.8 1.7
827. 22. 128.9 1.8
624. 16. 100.3 1.7
420. 11. 69. 1.9
209.7 5.6 45.2 2.8
50.7 1.4 13.3 1.5
Leakage 0.04711 0.00034 1989. 21.
0.0856 0.00057 3900. 38.
0.1181 0.0014 4128. 72.
0.1457 0.0021 4173. 68.
Leakage 0.12927 0.00089 3750. 20.
0.0985 0.0017 2937. 22.
0.07 0.0011 2275. 20.
0.04256 0.00031 1632. 32.
0.0248 0.00041 1118. 22 (see Fig. 10).
i &1 Data, chip 4-1, system (1)
— Fit, chip 4-1, system (1) J ' -
Data, chip 4-1, system (2) P
160 | — —Fit, chip 4-1, system (2) #E |
I ' Data, chip 4-1, main (1) v |
e Fit, chip 4-1, main (1) e
—~120| | ¥ Data, chip 4-1, main (2) S |
B Y| s Data, chip 4-1, main (2) It .4
E 100} JE 1
E .
=] §
@
2
a ]
D 1 1 1 1 1
0 200 400 600 800 1000 1200
Flow (uL/min)

Fig. 11. Plot of flow rate and pressure data of the microfluidics test system and
the system plus the main channel of chip 4-1. Also shown are associated
linear fits.

measurements of flow rate and pressure were performed for larger flows
through a main channel of chip 4-1, see Fig. 7. These sensors were also
used to measure flow and pressure for the system, i.e. the microfluidic
test system without the chip. Using the gravimetric method and a Flui-
gent pressure unit XL, measurements of flow rate and pressure were
performed for smaller flows through the leakage channel of chip 4-1, see
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6000 T T T
&+ Data, chip 4-1, leakage (1)
——Fit, chip 4-1, leakage (1)
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Fig. 12. Plot of flow rate and pressure data of the microfluidics test system plus
the leakage channel of chip 4-1. Also shown are associated linear fits.

Table 4
Chi-square goodness of fit tests (Gof-test) for linear fits to the results in Table 3.
Interpreted values of Ryyq are presented for fits where the Gof-test passed.

Setup Statistics Gof-test Riya Rpya unc. (k =
13}

(% dof, p- (p- (mbar/pL/ (mbar/pL/min)
value) value>0.05) min)

System 1.3, 4, 0.86 Pass 0.0556 0.0025

System 3.0, 4, 0.55 Pass 0.0574 0.0028

Main 7.4, 4, 0.12 Pass 0.1449 0.0034

Main 7.4, 4, 0.12 Pass 0.1471 0.0033

Leakage 335, 2, 0,0 Fail N/A N/A

Leakage 3.8, 3,0.29 Pass 24972. 345.

Fig. 7. The results are presented in Table 3.

Linear fits were attempted for the results in Table 3. If the fits passed
a chi-square goodness of fit test (Gof-test), the slope of the fit was
interpreted as the hydrodynamic resistance Rpy4. The data and fits are
illustrated in Figs. 11 and 12. The resulting Gof-tests and possible hy-
draulic resistances are presented in Table 4.

In Table 4, the hydrodynamic resistance was well reproduced for the
system and for the main channel. It was not possible to reproduce the
hydrodynamic resistance for the leakage channel, and thus the reli-
ability of the determined value for the leakage channel is more uncer-
tain. Notice that the hydrodynamic resistance of the main channel and
the leakage channel alone could be inferred by subtracting hydrody-
namic resistance from elements to be excluded, i.e. the system or the
system and the main channel.

Table 5
Results of the contained volume in different chips.
Chip Liquid Volume (mL) U (mL)
PDMS Water 0,00241 0,00013
SBF 0,002329 0,000046
PBS 0,002332 0,000066
TOPAS Water 0,00368 0,00010
SBF 0,003624 0,00011
PBS 0,003531 0,000073
GLASS Water 0,00423 0,00011
SBF 0,004167 0,000072
PBS 0,004157 0,000067
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Table 6
Results of the residual volume in different chips.
Chip Liquid Volume (mL) U (mL)
PDMS Water 0,00023 0,00017
SBF 0,000135 0,000034
PBS 0,00039 0,00027
TOPAS Water 0,000040 0,000048
SBF 0,000191 0,000051
PBS 0,000080 0,000030
GLASS Water 0,000174 0,000036
SBF 0,000201 0,000072
PBS 0,000161 0,000072
4.3. Volume

Measurements of contained and residual volume in one microfluidic
channel were performed in the 3 microfluidic chips using the gravi-
metric method.

4.3.1. Contained volume

The results of the contained volume can be observed in Table 5:

It can be verified that the contained volume and uncertainty with
water is larger than for SBF and PBS liquid for all chips and this is
probably due to evaporation effect of the water being larger than for the
other liquids.

4.3.2. Residual volume

The results of the contained volume can be observed in Table 6:

It can be verified that the residual volume for glass is very similar for
the 3 liquids. For PDMS there is a big variability in the residual volume
depending on the liquid use, maybe due to the elasticity of the chip
material.

5. Conclusions

In order to assess the accuracy of flow measurements and volume
(contained and residual) in different types of microfluidic chips tests
were performed using various liquids and calibrations methods.

It was observed a clear influence of the chips in the flow rate prob-
ably due to the channel flow resistance. Also, different liquids influence
the flow rate depending on the type of material used for the chip. This
also happens for volume determination.

From the two methods used, the gravimetric and the front track there
were no significant variation found and the uncertainty were very
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similar.

The results and uncertainties obtained in the tested microfluidic
devices made of glass, TOPAS and PDMS demonstrate the importance of
traceable and comparable measurements to the characterization of
microfluidic systems and their subsequent validation.
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ARTICLE INFO ABSTRACT

Handling editor: A Campiglia The assessment of the impact of microplastic contamination on the environment and human health requires a
reliable identification of the polymer type of these particles. p-Raman spectroscopy is a popular technique for
identifying microplastics by comparing the reference spectra with those of the particles analysed. Automatic
identification of microplastics requires defining an algorithm for the match between these spectra and setting a
minimum match above which identification is performed with adequately high true and low false results rates.
Ideally, the algorithm and match threshold should apply to different spectrometers and spectra collection pa-
rameters. This research presents a methodology to determine the best match algorithm for polymer identification
using p-Raman spectroscopy data collected on different instruments and laboratories, associated with a true
positive rate (TP) of 95 % and a false positive rate (FP) lower than 5 %. Determining the match threshold (P5»P)
by the bootstrap method does not require assumptions regarding match distribution. The normal distribution of
the match between the reference and a particle’s spectra from a different material allows FP determination.
Identifying PET microparticles was optimal using Pearson’s correlation coefficient (P5»P = 0.6244, TP = 95 %,
FP = 4.9 x 1077 %). Identification quality was tested based on three unweighted and three weighted correlation
coefficients. Spectra with signal-to-noise ratios lower than 10 were forwarded to manual identifications. The MS
Excel files used in the research are available as supporting information. The developed methodology for setting
up identification criteria of microplastics by spectroscopy proved to be adequate for p-Raman assessments and
robust to different spectrometers and spectra collection conditions.

Keywords:

Microplastics

Automatic identification
p-Raman spectroscopy
Match threshold
Method validation

True results rate

their environmental impact, with smaller particles even able to travel
inside living organisms. While significant research has evaluated the

1. Introduction

The characteristics of plastic materials that drive their commercial
success, namely low cost and high chemical and physical resistance,
combined with the inadequate disposal of these inexpensive materials,
contribute to the ubiquitous presence of long-lasting plastic particles in
the environment. The type, size, and shape of plastic materials influence
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abundance of plastic waste [1,2], its impact on ecosystems and human
health remains largely unknown due to the diversity and unpredictable
consequences of this type of pollution. Plastic particles can be classified
according to their size as macroplastics (>25 mm), mesoplastics (from 5
mm to 25 mm), microplastics (from 1 pm to 5 mm) and nanoplastics (<1
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pm) [3].

Parallel to determining the toxicological impact of these particles, it
is necessary to determine their abundance, respective trends, and the
most relevant sources of contamination by these materials. This infor-
mation should support the establishment and monitoring of policies to
mitigate the environmental and health impacts of plastic pollution.

The harmonisation of procedures for monitoring plastic contamina-
tion in food products and environmental matrices is still lacking.
Additionally, further developments are needed to assess the perfor-
mance and evaluate the uncertainty associated with these monitoring
methods [4,5].

When analysing food or environmental samples, it is necessary to
identify which particles are indeed plastic before counting them. p-FTIR
(Fourier-transform infrared spectroscopy) and p-Raman are the most
popular tools for plastic particle identification before characterising
their size and shape [6].

Compared to p-FTIR spectroscopy, p-Raman allows for the identifi-
cation of smaller particles — down to the micrometer and even sub-
micrometer scale — that are beyond the capabilities of FTIR [7].
Raman spectroscopy is also largely unaffected by the strong water ab-
sorption that constrains FTIR, making it particularly well suited for the
analysis of aquatic samples [8]. In addition, it produces sharp and
polymer-specific vibrational spectra, which facilitates better differenti-
ation of chemically similar polymers than FTIR. Despite these advan-
tages, Raman spectroscopy can be affected by fluorescence interference
arising from dyes, additives, or biofilms, which may mask characteristic
signals and hinder accurate polymer identification [9,10].

The spectroscopic identification of microplastics involves comparing
the unknown particle spectrum with reference polymer spectra. Refer-
ence and particle spectra can be compared manually or automatically.
While manual identifications are time-consuming and must be per-
formed by qualified analysts, automatic identifications are faster and
require less analytical expertise. Given the large number of plastic par-
ticles observed in some samples, automatic identifications are thus
recommended. The most common method for quantifying the similarity
between particle and reference spectra is the determination of their
correlation using a correlation coefficient, such as the Pearson or
Spearman correlation coefficient. The popularity of this method stems
from its computational efficiency and the ease of interpreting the co-
efficients. However, the decrease in correlation values due to fluores-
cence interferences, baseline variations, signal noise, and particle
weathering must be considered in data interpretation. Weighted corre-
lation coefficients can be used to highlight relevant spectra features,
improving identification reliability.

Spectral similarity can also be assessed using more complex che-
mometric tools, such as Principal Component Analysis (PCA) and Partial
Least Squares Discriminant Analysis (PLS-DA). More recently, machine
learning (ML), through techniques such as Neural Networks (NN), has
been used to establish flexible and accurate methods for identifying
microplastics even in the presence of noise and spectral overlap.
Nevertheless, ML approaches require substantial computational re-
sources, large training datasets, careful validation, and computational
expertise, and they are often less transparent than traditional correlation
methods. Therefore, the overcome of correlation coefficient fragilities in
microplastics identification is particularly welcome.

A study by Jin et al. [11] used Raman spectra combined with
PCA-LDA (LDA - Linear Discriminant analysis) followed by Support
Vector Machine (SVM) classification to differentiate seven common
polymers, i.e. polypropylene (PP), polyethylene terephthalate (PET),
polyvinyl chloride (PVC), polycarbonate (PC), polyamide (PA), high
density polyethylene (HDPE), and low density polyethylene (LDPE),
reporting fitting accuracies over 98 % (ratio between true and total
performed identifications) for most polymers and around 70 % for HDPE
and LDPE. A study published by Xie et al. [12] extended these methods
to nanoplastics, using Raman data with Random Forest (RF) classifica-
tion to achieve an average accuracy of 98.8 % in identifying individual
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nanoplastic particles.

A more recent work by Zhang et al. [13] introduced a
one-dimensional Convolutional Neural Network (1DCNN) trained on
Raman spectra from ten polymer types, achieving a classification ac-
curacy of approximately 96.4 %. Additionally, a CNN model applied to
Surface-Enhanced Raman Scattering (SERS) spectra of six common
microplastics demonstrated a mean identification accuracy of 99.5 %,
outperforming classical classifiers such as SVM, PCA-LDA, PLS-DA, RF,
and K-Nearest Neighbours [14].

Studies using hyperspectral Raman imaging paired with multivariate
curve resolution have enabled visual mapping of microplastic particles
in complex matrices, though classification metrics are less frequently
reported [15]. Recent comprehensive reviews confirm that combining
Raman spectroscopy with ML techniques — especially PCA, RF, SVM,
and deep learning architectures — yields robust identification across
varying environmental matrices [16].

Regarding performance statistics, supervised chemometric models
consistently achieve high true positive rates (TP) (>98 %) and low false
positive rates (FP) (<1 %), while deep learning approaches maintain
strong TP (around 96 % to 99 %) with comparably low FP. Techniques
based on SERS combined with CNNs have shown exceptional accuracy
(~99.5 %) even with unpreprocessed data.

However, the listed chemometric tools require extensive data pre-
processing, which is performed by complex software that consumes
relevant computational resources. On the other hand, correlation co-
efficients are straightforward and computationally efficient, making
them the preferred tool for rapid comparisons. Correlation determina-
tion is also easier to disseminate in harmonised analysis protocols.

Some guidelines and standards designate the quantified spectral
similarity as a Match or Hit Quality Index (HQI) with a maximum value
of 100 %. Unfortunately, HQIs are frequently presented and discussed
without specifying the algorithm or computational tool used. This
omission makes it impossible to compare values determined by different
authors and to discern which spectral characteristics contribute most to
the similarity value. Some documents even define thresholds for reliable
identifications, such as HQI >60 % [17] or HQI >80 % [18], without
specifying how HQI should be determined and what data and statistics
support the threshold. The harmonisation of protocols is only effective if
supported by adequately described and performing protocols applicable
to data collected in various laboratories using different instruments. To
protect match determinations from noisy signals, a signal-to-noise ratio
(S/N) threshold can be defined, below which spectra should be assessed
manually or using an alternative tool.

Morgado et al. [4,5] developed a strategy for the automatic identi-
fication of microparticles isolated from river and marine sediments
based on p-FTIR, where reference and particle spectra were collected
using the same equipment and spectral parameters. Microparticles were
manually identified and designated as positive or negative cases based
on whether they were from the specific polymer type being studied or
not, respectively. For instance, when identifying PET particles, all par-
ticles from this polymer were considered positive cases, while all
non-PET particles were considered negative cases. After selecting a
specific match algorithm and reference spectrum, match values between
the reference and positive or negative case spectra were determined. The
5th percentile of match values for positive cases, determined by the
bootstrap method [19], was used as the minimum match for polymer
identification, with a true positive rate (TP) of 95 %. When the particle
and reference are from the same polymer, in 95 % of cases, the match
exceeds the threshold. This threshold was subsequently tested for the
chance of a particle from a material different from the reference polymer
producing a spectrum with a match with the reference spectra above the
threshold, i.e. the false positive rate (FP). Assuming the normal distri-
bution of the match with negative cases, this probability was estimated
using regular parametric statistics. An identification method applicable
to microplastic identification in environmental samples is considered
adequate if associated with a TP = 95 % and FP < 5 % [20]. Various
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algorithms for match determination were tested to identify signal
transformations and correlation formulas that drive lower FP. Since
spectral comparison is affected by the low intensity of FTIR bands and
the absorbance band from non-oxidised biofilm, a minimum value for
the most intense spectral band and a maximum intensity for biofilm
bands were defined to exclude spectra from automatic identification.
Such spectra should undergo manual identification due to observed
signal fragilities.

This paper advances the state-of-the-art in microplastic identification
by establishing identification criteria applicable to p-Raman spectra
collected using different instruments and experimental conditions. The
p-Raman spectra improve identification due to their high selectivity and
narrow peaks, compared with the broader spectral bands observed in
FTIR. An algorithm for determining the S/N was developed to identify
spectra that require manual identification by experienced analysts. In
this study, PET was chosen as a representative polymer to assess the
viability of the approach to determine match thresholds and evaluate
match methods, as a result of its extensive use in food packaging and its
limited stability under hard oxidative treatments, high temperatures or
strong alkaline conditions. Furthermore, the reference material provides
a realistic representation of the morphological variability of micro-
plastics, including different shapes and size distribution, commonly
found in environmental and food samples. Spectra collected from three
different laboratories and in two matrices, ultrapure water and milk,
were studied to assess the robustness of the methodology for these fac-
tors. The assessment of the ability of the developed method to identify
other polymers and weathered particles requires collecting additional
spectra and applying a method development and validation equivalent
to that performed in this research.

2. Experimental
2.1. Particles and spectra collection conditions

From the 175 particles analysed, 93 were PET and 82 were non-PET.
PET particles were provided by the German Federal Institute for Mate-
rials Research and Testing (BAM) within the framework of the EU-
funded PlasticTrace project. These reference materials were in the
form of soluble tablets containing secondary PET microparticles, with
irregular shapes and sizes ranging from 10 pm to 100 pm.

Non-PET plastic polymers were analysed in different physical forms
(e.g., pellets, powders, films) with a size distribution from 0.05 mm to 5
mm.

While most PET tablets analysed were dissolved in ultrapure water,
some were dissolved in powdered milk (infant formula) after reconsti-
tution in ultrapure water. As a result, 4 out of the 175 Raman spectra
were acquired from particles in the milk-derived matrix.

The Raman spectrometers and their instrumental conditions used by
the three laboratories (Lab. 1 to Lab. 3) are listed in Table 1. The table
specifies the wavenumber interval and number of spectral points (De-
tector pixels) of the original spectra.

Although the Diffraction Grating expresses the dispersion of

Table 1
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wavenumber per length unit, since detector pixels can have different
lengths, this parameter is not directly related to the spectral resolution.
Instead, the ratio between the spectral range (cm 1) and the number of
detector pixels, the Spectral Sampling Interval, Av, is a better way to
express spectral resolution. In this work, the spectra were collected with
a Avbetween 1.19 cm™! and 5.22 cm™?, subsequently converted to Ay =
6.51 cm ! in the interval 856 cm ™! and 1787 em™!, considering 143
equidistant points/pixels to allow for spectrum comparison. An Excel
spreadsheet was used for spectra harmonisation. No obvious resolution
loss was observed when comparing spectra sampled at Av = 1.19 cm ™
and 6.51 cm ™.

Since the Raman shift is referenced to the excitation wavelength (in
this work, 514 nm, 532 nm, or 633 nm), although different lasers can
produce the same Raman shift peaks, their relative intensities can differ
due to resonance effects, fluorescence background, or absorption.
Therefore, the different laser wavelengths of the used spectrometers
impact the comparability of the spectra.

Though the Raman signal is proportional to the laser output power,
excessively high power may excite fluorescence that can overwhelm the
Raman peaks. Too much power can also cause photodegradation of the
sample. Therefore, this parameter should be optimized to achieve an
acceptable S/N without damaging the sample.

The microscope objective magnification (MOM) affects the collection
of spectra from particles smaller than the scanned area, but it does not
influence the Raman shift positions, the relative intensities of the peaks,
or the spectral resolution. Depending on the MOM, the numerical
aperture determines how tightly the laser is focused and how efficiently
scattered light is collected, and thus requires optimization to achieve a
better S/N ratio.

Longer acquisition times and signal accumulation reduce the signal’s
noise. Very short acquisition times can hinder peak detectability, while
excessively long acquisition times may cause detector saturation,
nonlinearity, or sample damage, which can compromise polymer iden-
tification [21].

2.2. Method validation strategy

The validation of the method for identifying PET microparticles by
p-Raman spectroscopy involved collecting spectra from PET and non-
PET particles using the spectrometers and instrumental conditions lis-
ted in Section 2.1. The particles were manually identified, considering at
least the three most intense characteristic Raman spectra peaks of PET
occurring at 1615 em ™%, 1120 em ™!, and 1000 cm™!. The Raman shift
range for spectra comparison was limited between 856 cm ™! and 1787
em L. All collected spectra are made available as Supplementary Ma-
terial 01 being identified with the following code: "A B (C)", where A
identifies the polymer type ("PET", "non-PET" or specified polymer
acronym such as "PE" [22]), B is a sequential number, and (C) specifies
the laboratory that produced the spectra (F — Fraunhofer CSP, I - Istituto
Nazionale di Ricerca Metrologica (INRiM) and UP - University of
Parma).

After selecting a match algorithm identified by the code presented in

Raman spectrometers and relevant instrumental conditions used by the three laboratories. Lab.1 — Fraunhofer CSP (two equipment used, Sp. 1 and Sp. 2), Lab.2 —

INRiM and Lab.3 — University of Parma.

Lab. Spectrometer DF/ (gr. nb./mm) LW/nm| OP/mW  MOM |NA Detector DpP WI/cm ! AT/s| AN
1(Sp.1)  Triple 557 TriVista 1500 514|100 50 x [0.75  LN2| Si-CCD 450 850 t0 3200  1to 10| 5 to 10°
1(Sp. 2) HORIBA LabRAM HR Evolution 1800 532|100 50 x |0.75 LN2| Si-CCD 450 850 to 3200 1 to 10|5 to 10"
2 HORIBA LabRAM Odyssey 600 63315 10 x [0.25  LN2| Si-CCD 1024 or 512 664 to 1786 1)1

3 HORIBA LabRAM HR Evolution 600 53225 50 x [0.50  LN2| Si-CCD 1024 41502060 1 to 5|3 to 20"

DF - Diffraction grating in groove number by mm; LW — Laser wavelength in nm; OP — Output power in mW; MOM — Microscope objective magnification; NA —
Numerical aperture; DP — Number of detector pixels; WI— Wavenumber interval in cm™'; AT — Acquisition time in s; AN — Accumulation number; LN2| Si-CCD - silicon-

based charge-coupled device cooled with liquid nitrogen.

@ Optimized according to the specific polymer type and its physical characteristics.
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Table 2

Match algorithm identification code, where CC is the studied correlation coef-
ficient [4]. "S" specifies the type of signal considered (I, 1/I and (1-Iy) for orig-
inal, inverse and complementary intensity after signal normalisation — numbers
1, 2 or 3 from code "S|#|CC|#|#"). The "d" specifies the use of the original signal,
S, or its first or second derivative (f (S) and f" (S)) (S|d|CC|#|#) (d =1, 2 or 3).
For weighted CC, the signal was weighed (SW equal to y for yes — Code "S|d|CC]|
1|#", and the wavenumber of the Raman shift was weighted directly, v, ("1") or
inversely, 1/ 7 (“2) (S|d|CC|SW|RW).

Match S d SW RW  Match S d SW RW
11| I S y v 11| 1 S y 1/
cc| ccli|2 v

11

2|1| as S y v 2|1| as S y 1/
cc| D ccli2 D v
11

31] a- s y v 3|1| - S y 1/
cc| In) cclil2 L) v
1)1

1]2| I £ oy v 1|2| I £ y 1/
cc| ccli|2 v
1)1

2|2 W Fe® oy v 2|2 a  fe® oy 1/
cc| D ccli2 n v
1)1

3)2| a- £ y v 3|2| a- £ y 1/
cc| In) ccli2 Iy v
11

13| I £y v 13| I iy 1/
cc| ccli|2 v
1)1

2|3| as ey v 2|3| as sy 1/
cc| n ccli2  n v
1)1

3|3] a- ey v 3[3] a- ey 1/
cc| IN) ccli2 I v
1)1

Table 2, including the considered correlation coefficient (CC), the match
between the reference spectra (PET 01 (F)) and the spectra of all PET or
non-PET particles was determined. The studied CC are r, p, and Cpg, for
unweighted Pearson, Spearman, and alternative correlation coefficients,
and ry, pw, and Cpgy are the weighted versions of the first [4]. The total
number of studied matches is 81 (9 x 3 matches involving unweighted
CC and 18 x 3 matches involving weighted CC).

For the unweighted r and p, the identification performance is the
same for signal (I) or (1 - Iy). For the unweighted Cpg, and the weighted
correlation coefficients, both signal types ((I) or (1 - Iy)) can produce
different identification performance due to algorithm features.

Positive cases correspond to PET particles, and negative cases refer to
non-PET particles. The 5th percentile of the match values for positive
cases was determined using the bootstrap resampling method, which
simulates its distribution [4,5]. The P5»P, the sth percentile of the sth
percentile distribution of positive cases, is the minimum value of the
specific match algorithm above which a particle can be defined as PET
with a true positive rate of not less than 95 %, meaning that, in studied
PET spectra, there is at least a 95 % probability that a PET microparticle
spectrum has a match with "PET 01 (F)" spectrum above P5»P. After-
wards the mean, M, standard deviation, s, and total number, n, of match
values between "PET 01 (F)" and negative cases is calculated being the
false positive rate, FP, the complementary of the cumulative t-distribu-
tion of (P5»P — M)/s for n - 1 degrees of freedom. The FP is the estimated
chance of a non-PET particle, from the studied non-PET population,
producing a match with the "PET 01 (F)" spectra above P5»P, therefore
being wrongly identified as PET. All match algorithms (Table 1) were
tested and considered adequate for PET identification if, together with
the TP set at 95 %, the FP is not larger than 5 %. In this case, the
identification performance quantified as a likelihood ratio LR (LR =
TP/FP) or accuracy, A [A = (TP + TN)/(TP + TN + FP + FN); where TN
and FN are true and false negative rates complementary to FP and TP
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respectively], should not be lower than 19 [4,5,20] or 95 %,
respectively.

An FP of 5 % is considered adequate for the analysis of environ-
mental and food samples with one microplastic, given the number of
required identifications and the health impact of microplastic contam-
ination [4,5,20].

Since the reliability of particle identification is affected by the low
intensity of peaks compared to the signal’s noise, an algorithm was
developed to determine the S/N. This algorithm, described in Section
2.2.1, is applicable regardless of the scale of absolute peak intensities,
which vary depending on the spectrometers and spectral collection
conditions used. Spectra with S/N lower than 10 should be forwarded to
manual identification.

2.2.1. Determination of signal-to-noise ratio

To characterise Raman spectra regarding the spectral information
clarity, the highest S/N was determined as the ratio between the most
intense peak of the spectrum and the background noise. The intensity of
the most intense peak was determined as the difference between the
maximum signal observed in the spectrum and the minimum signal
predicted at the wavenumber of the maximum signal by a regression
line. This regression line, referred to as "baseline", is defined from
minimum signals of 20 wavenumber segments with equal wavenumber
ranges. The absolute difference between the average signal and the
minimum signal within each segment is calculated and then averaged
across all segments, yielding a value that quantifies the spectrum noise.
Fig. 1 presents examples of spectra collected by three laboratories with
S/N equal to 15.

(a) 8000 1
IS TS N S — . PN
6000 4
5000 4

Signal

3000 4

852 1052 1252 1452 1652

(b)

Signal

852 1052 1252 1452 1652

© so00
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5000
4000
3000
2000
1000 +
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852 1052 1252 1452 1652
Raman shifts, A% (cm)

= k = Madmum Bassline+Moie  —--~ Baseline

Fig. 1. Spectra (a), (b) and (c) present spectra with S/N of 15 obtained from
Fraunhofer CSP, INRiM and the University of Parma, respectively. The mean,
minimum and base regression lines of 20 wavenumber ranges are also pre-
sented. The developed algorithm was implemented in the MS Excel file used to
quantify the match between the studied spectra (Supplementary Material 02).
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3. Results and discussion

Table 3 presents the best-performing match algorithms, i.e. those
associated with lower FP, considering all collected spectra and spectra
with a S/N greater than 10. For r and p, only I and 1/I signals were
considered because I and (1 - Iy) produce the same results. The P5»P
estimated by the resampling bootstrap method slightly varies with the
simulation run, with an impact on estimated FP and LR. It is reported the
P5»P, FP, LR and the number of positive, np, and negative, ny, cases
considered. For the unweighted correlation coefficients, SW and RW are
not specified.

Supplementary Material 03 presents the S/N of all spectra, match
values determined for positive and negative cases for the 81 studied
match methods and the FP and LR for the match methods.

As expected, identification performance improves and P5»P raises
when considering a S/N threshold. Several match algorithms enable
identification with an LR larger than 19 and an accuracy larger than 95
%, where the unweighted Pearson’s correlation of the original signals
distinguishes between positive and negative cases more effectively when
a S/N threshold of 10 is considered.

Several weighted correlation coefficients can support valid PET
identifications. The weighted alternative correlation coefficient, Cpg,,
for complementary normalised signals (1 - Iy) and the two studied types
of weighing are the most successful weighted algorithms (3|1] Cpg,, |1]1
and 3|1]| Cpg, [1]2).

The TP of 95 % and FP of 4.90 x 10~/ % of identifications based on
Person’s correlation coefficient and S/N > 10 are converted into an
identification accuracy of 97.5 %, comparable to the observed accuracy
using advanced chemometrics tools that require significantly more
computational resources.

The identification criteria can be implemented for new spectra using
the Excel file available as Supplementary Material 04. Detailed
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instructions of how to use this spreadsheet are available in video file
Supplementary Material 05.

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.talanta.2025.128834

Fig. 2 presents a graphical representation of Match values for posi-
tive and negative cases and the P5»P for the Match methods listed in
Table 3 considering (a) all spectra or (b) only signals with a S/N > 10.
The Match of positive and negative cases are rather distinct being worth
highlighting the very low dispersion of Match values of both positive
and negative cases for the Match method 3|1| Cpg valid for S/N > 10.

4. Conclusions

The proposed methodology to develop a valid procedure for the
automatic identification of microplastics using p-Raman spectroscopy
applicable to spectra collected from different spectrometers and spectra
collection conditions was successfully applied to the identification of
PET microplastics. Different match algorithms were tested, considering
the use of original or inverse signals, before or after derivatisation, and
based on unweighted Pearson’s, Spearman’s, an alternative algorithm,
or weighted versions of these correlation coefficients. For the more
complex weighted coefficients, signal and two types of wavenumber
weightings were considered. The minimum match value (P5»P) for
identifying a PET particle corresponds to the 5th percentile of the match
between spectra of the PET reference and particle, and it is determined
by the resampling bootstrap method. The bootstrap method does not
require match distribution normality. The match values between the
PET reference spectrum and particle spectra proved not to be PET
allowed estimating the probability of a non-PET particle producing a
match value with the PET reference above P5»P. This probability is the
false positive rate. A methodology for quantifying the signal-to-noise
ratio was developed, and spectra with an S/N lower than 10 were
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Fig. 2. Graphical representation of Match values for positive and negative cases and the 5 percentile for positive cases, P5»P, for the Match methods presenting LR
larger than 19. (a) All spectra considered; (b) Only spectra with S/N > 10 are considered.
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Table 3

Talanta 298 (2026) 128834

Best-performing match algorithms, considering all collected spectra and spectra with S/N larger than 10. The P5»P is the match threshold, FP the false positive rate, LR
the likelihood ratio (LR = TP/FP; TP is the true positive rate), and np and ny the number of considered PET and non-PET cases.

All spectra (np = 92 and ny = 82)

Spectra with S/N > 10 (np = 80 and ny = 33)

Match P5»P FP/% IR Match P5»P FP/% LR
3|1| Gog, 1)1 0.9386 4.46 x 1077 2.13 x 10° 11r 0.6244 4.90 x 1077 1.94 x 10°
3|1 Ces, |1]2 0.9212 5.15 x 107° 1.85 x 10° 3|1 Ceg, |11 0.9664 8.09 x 107° 1.17 x 10°
1)1)r 0.4049 0.00660 1.44 x 10* 3[1| G, |1]2 0.9734 0.000537 1.77 x 10°
11| Ceg 0.5418 0.190 501 3[1| Cpx 0.9325 0.282 336
11]p 0.3000 0.985 96.5 11|p 0.3471 0.507 188
3[2| Cpx 0.3167 1.30 73.2 11| Cox 0.5703 0.620 153
1/2| Cpg 0.3167 1.30 73.2 1)2|r 0.3438 0.627 151
12| 0.3166 1.32 71.9 3[2| Cpx 0.3089 1.33 71.2

12| Cpx 0.3051 1.45 65.6

11 ry [1]2 0.5072 1.68 56.5

11| re 11 0.4692 2.93 32.4

excluded from the automatic identification. The unweighted Pearson’s
correlation coefficient of the original signal proved to be the most
adequate match algorithm for PET particle identification for a match
threshold, P5»P, of 0.6244. The identification with this match is asso-
ciated with a true positive rate of 95 % and a very low false positive rate
of 4.90 x 1077 %, fit for microplastic identifications in environmental
and food samples. This performance, which guarantees an accuracy of
97.5 %, is equivalent to that observed using complex chemometric tools
that require extensive data processing of a large number of spectra.

The user-friendly spreadsheets used to set the P5»P and for the
subsequent identification of microparticles are made available as sup-
plementary material.

Although promising, the developed methodology should be evalu-
ated for its ability to produce a reliable method for the identification of
other polymer types, aged polymers, and particles contaminated with
biofilm. Ideally, the identification approach should also be tested
considering spectra collected by additional spectrometers.
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The metrological control of fuel dispensers measurement systems is an essential activity to promote consumer
protection and provide society in general and citizens in particular with a guarantee of the accuracy of the
measurements carried out. As the metrological verification bodies are entities recognized and qualified by the
Portuguese Institute for Quality (IPQ) for the delegated exercise of the legal metrological control, it was orga-
nized by IPQ an interlaboratory comparison in the field of the verification of fuel dispensers (diesel and gasoline)
and LPG (Liquefied Petroleum Gas) with the participation of four national verification bodies (NVB). Two
different instruments were tested, a fuel dispenser pump (with gasoline and diesel) and an LPG pump. Two

volumes were tested for each instrument and each fuel at two different flow rates. The analysis of the results,
using the normalized error statistics, evidenced satisfactory values, for the majority of the national entities for all
the tested instruments. The uncertainty components were provided and evaluated.

1. Introduction

Fuel dispensers (commonly known as petrol pumps) and Liquefied
Petroleum Gas (LPG) dispensers, are submitted to metrological control
in order to assure consumer protection and provide to society in general
and citizens in particular the guarantee of accurate measurements.

The Portuguese Institute for Quality (IPQ), as the National Metrology
Institution, ensures and manages the legal metrological control system
of measuring instruments, recognizes competent entities for the dele-
gated exercise of this control, whenever this proves necessary to guar-
antee the effective coverage at national level.

The legal metrological control in Portugal is widely decentralized in
approximately 300 entities, among governmental, regional and local
authorities, in the public sector and in private companies.

The process of qualification and recognition of metrological verifi-
cation bodies follows certain requirements, which are described by IPQ
Resolution, one of these requirements being accreditation in accordance
with the NP EN ISO/IEC 17025 standard, for the technical domain of
qualification. The majority of the national verification bodies (NVB) are
accredited laboratories and certified companies (NP EN ISO 9001)
involved in the verification of the measuring instruments. Two of these
measuring instruments are the fuel dispensers and liquefied petroleum
gas dispenser.

In Portugal the fuel and LPG dispenser approved under the
Measuring Instruments Directive (MID) are subject to metrological
control in service thought its annual verification by the verification
bodies, following internal procedures, according to the specific national
regulations [1] and OIML R117 [2]. There are approximately 51 800
hoses of the fuel dispensers and 600 of LPG dispensers in Portugal,
verified by several verification bodies equally distributed in the national

territory.

Accredited laboratories often perform interlaboratory comparisons
as an essential tool for demonstrating their competence, evaluate the
competence of their laboratory and in order to verify the comparability
of the technical procedures used and the agreement of the measurement
results obtained. As the metrological verification bodies are entities
recognized and qualified by the Portuguese Institute for Quality for the
delegated exercise of the legal metrological control in Portugal, it was
organized by IPQ an interlaboratory comparison.

2. National comparisons in legal metrology

Accredited laboratories often perform comparisons to verify the
agreement of results and procedures.

In this context IPQ organize comparisons between qualified metro-
logical verification bodies. One of these comparisons was in the field of
the verification of fuel distributors (diesel and gasoline) and LPG (lig-
uefied petroleum gas) with the participation of four verification bodies.
IPQ prepared the protocol, including all the experimental details and a
form sheet for the results, sent to all participants before the beginning of
the comparison. A diesel pump, a gasoline pump and an LPG pump were
tested at two volumes and two different flow rates. Each participant used
there one verification instruments and procedures. The measurements
have been performed in September 2023 and November 2023 and the
analysis of the measurement results have been completed using the
normalized error statistics.

3. Measuring instruments

The instruments under test were supplied by the pump’s owners and
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the measurements were performed on site with IPQ supervision. For the
fuel pump IPQ performed the initial and final measurements to access
the stability of the instrument.

3.1. Fuel dispensers

The fuel dispenser (Fig. 1) used in the comparison was supplied by a
national company and had the following characteristics:Table 1.

3.2. LPG dispenser

The LPG dispenser (Fig. 2) used in the comparison was supplied by a
national company and had the following characteristics:Table 2.

4. Comparison protocol
4.1. General procedure

The experimental procedure was included in the protocol sent to the
participants. The main parts are briefly described in the following:

Each participant had to verify the delivered volume of the fuel pump
at maximum flow using a 20 L calibrated volume standard and the
delivered volume of the fuel at minimum flow using a 5 L calibrated
volume standard. The verification liquids used were diesel and petrol, by
this order due to residual volume increase. For the LPG pump the vol-
umes tested were 5 L at the minimum flow rate and 50 L at the maximum
flow rate using a calibrated LPG meter.

Each participant was asked to use the normal work routine, meaning
the operator, the procedure and the equipment. Three measurements
were performed for each tested volume, the average values were given
by each participant and used in the follow up calculation.

4.2. Instruments and ambient conditions

Its standard capacity measure used by all participants in the verifi-
cation of the fuel pumps were from Pumpwatch, model CFX (Fig. 3),
resolution 0,01 % for 20 L and 0,02 % resolution for 5 L. All instruments
were calibrated at IPQ.

The LPG meters (Fig. 4) used by the participants were from Tokyo
Tatsuno, 0,01 L resolution and traceable to NMI accredited laboratory in
the Netherlands.

The ambient conditions remained within the information of the

Fig. 1. Fuel pump used in the comparison.

e2
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Table 1
Fuel dispenser.
Brand PETROTEC
Model 1P10H
Class 0,5 according to the National Regulation n.° 19/2007, 5th of
January
Type P5000
Resolution 0,01L
Serial number ~ 11007861702/2011
Diesel hose 5
Petrol hose 1

Fig. 2. LPG dispenser used in the comparison.

Table 2
LPG dispenser.
Brand Dresser Wayne
Model 1P10H
Class 1 according to the National Regulation n.° 19/2007, 5th of January
Type Global Century S11-110
Resolution 0,01 L
Serial number ~ 46-1020766

characteristics plaque of the dispensers for all participants in all tests
performed.

5. Statistical analysys
5.1. Reference value
The reference value used for the fuel dispenser was the mean value of

the two measurements performed by IPQ, the first one at the beginning
and the other at the end of the comparison. The uncertainty of the
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Fig. 3. Measurements performed by IPQ using Pumpwatch measures.

Fig. 4. Measurements performed by one of the participants using an LPG meter.

reference value considered was the largest value of both IPQ
measurements.

In case of the LPG dispenser the reference value was the weighing
mean of the four participants determined according to Cox method [3].

5.2. Normalize error

The consistency evaluation between the results of each laboratory
and the reference value (RV) was calculated according to the normalized
error (Ep) [4,5].

The interpretation of the absolute value of E, is as follows:

e |E,| < 1: the result of the laboratory is consistent with RV.
e |E,| > 1: the result of the laboratory is not consistent with RV.

5.3. Temperature correction for the fuel dispenser

In order to obtain comparable measurement results obtained from
the fuel dispenser the values were corrected to a reference temperature
of 20 °C using the standard calculation model [6]:

Vao = Vi[1 +7(20 —1)]

e3
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Where, y is the cubic thermal expansion coefficient of the volume
standard material of the standard capacity measure and t the liquid
temperature.

6. Results
6.1. Volume results for the fuel dispenser

The volume delivered by the fuel dispenser determined by the par-
ticipants using diesel and petrol at a maximum flow (20 L) and minimum
flow (5 L) are presented in the following figures (Figs. 5-8):

The majority of the results are very similar and the variation between
participants is smaller than 0,2 % which is less than the maximum
permissible error (MPE) of these instruments. Indeed, and according to
the Portuguese national regulation [1] and the Measuring Instruments
Directive [7] the MPE for fuel dispensers is 0,5 %. The worst cases ob-
tained by the participants are for petrol using the 5 L volume standard,
which was expected, due to the volatility of the fuel and the small
quantity of fluid delivered.

6.2. Normalized error for the fuel dispenser

The normalized errors, E, numbers as defined previously, obtained
for the measurement results of each participant entity, are displayed in
Table 3.

6.3. Results for the LPG dispenser

The errors obtained by the participants at a maximum flow (50 L)
and minimum flow (5 L) for the LPG dispenser are presented in the
Figs. 9 and 10.

The majority of the results are very similar and the variation between
participants is smaller than 0,6 % which is less than the maximum
permissible error (MPE) of these instruments. Indeed, and according to
the Portuguese national regulation [1] and the Measuring Instruments
Directive [7] the MPE for LPG dispensers is 1 %.

6.4. Normalized error for the LPG dispenser

The normalized errors, E, numbers as defined previously, obtained
for the measurement results of each participant entity, are displayed in
Table 4.

7. Uncertainty calculation

The uncertainty values obtained by each participant according to the
“Guide to the Expression of Uncertainty in Measurement” [8] are pre-
sented in the following figures. One example is presented for one volume
of each type of dispenser.

The uncertainty values for the fuel dispenser at 5 L is presented in
Fig. 11.

The uncertainty components for fuel dispenser verification are:

e Repeatability of the measurements

e Calibration of the standard capacity measure

e Resolution of the standard capacity measure

e Meniscus reading

e Resolution of the dispenser

e Temperature of the liquid

e Expansion coefficient of the material od the standard capacity
measure

e Other.

The larger component of uncertainty is the resolution of the
dispenser, as expected for the small volume.
The uncertainty values for the LPG dispenser at 5 L is presented in
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Petrol -5 L Diesel -20 L
5,010 20,060
20,040 -
5,000 "
1 ~ 200204 T 1 25 L3 1
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g 4,990 - | + Volume g 20,000 4
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= =
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National Verification Bodies National Verification Bodies
Fig. 5. Volume results for fuel dispenser, petrol, 5 L. Fig. 8. Volume results for fuel dispenser, diesel, 20 L.
Table 3
Petrol -20 L Normalized error E, for fuel dispenser.
20,020 Participant 5 L Petrol 20 L Petrol 5 L Diesel 20 L Diesel
20,000 - En En En En
= 19,980 - I NVB1 0,04 0,36 0,08 0,25
=+ T T + Volume NVB2 0,57 0,37 0,22 0,26
E 9,500 ] i NVB3 ~0,28 ~0,06 ~0,31 —0,24
S 19,940 - —— Vref NVB3 0,42 1,66 -0,08 0,45
2020 —— Uref Inconsistent results are only found for petrol at 20 L and possible due to un-
19,900 - certainty underestimation.
19,880 — : ‘ —
», ”,
S 4"493 M, M, %o
LPG5L
National Verification Bodies
4,00
Fig. 6. Volume results for fuel dispenser, petrol, 20 L. 3,00
2,001
5 4 + Volume
= 1,00 A .
Diesel -5L & T - I
0,00 ry T 2 T T T 1 ——Uref
5,030 [ I
-1,00 1
5,020
2,00
I 5010 1 & & & &
;' i 4 + Volume
E 5000 | ) National Verification Bodies
35 ——Vrer
>
40 Gt Fig. 9. Error values for 5 L, LPG dispenser.
4,980 -
b ' ' ' ' ' LPG50L
y
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National Verification Bodies —
0,60 1
Fig. 7. Volume results for fuel dispenser, diesel, 5 L. ~ 0,40
é 02001 [ ¢ Volume
) P : . - ‘
Fig. 12. E 020 ) T
The uncertainty components for LPG dispenser verification are: -0,40 1 : =il
0,60
e Repeatability of the measurements ?’x 1
e Calibration of the reference standard meter ' > o & &
. & & & S
e Resolution of the reference standard meter
. . National Verification Bodies
e Resolution of the dispenser

e Drift of the reference standard meter
e Uncertainty of the fluid temperature
e Other.

The uncertainty values are very similar except for one participant
that overestimated the uncertainty values because the reference meter

Fig. 10. Error values for 50 L, LPG dispenser.

e4
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Table 4

Normalized error E, for LPG dispenser.
Participant 5L 50L

E, Eq

NVB1 —0,27 -0,16
NVB2 -0,35 -1,05
NVB3 0,48 0,85
NVB3 0,48 0,59

Inconsistent results are only found for 50 L but the value is very close do 1.

Uncertainties - 5 L petrol

1,20E-02 .
Hu rep

1,00E-02

=y cal scm

8,00E-03

wuresscm

6,00E-03

Volume (L)

®mumen

4,00E-03

o :ml: LIk

NVB2 NVB3 NVB4

wu res dispenser

=u temp

wu exp coef

=uo
National Verification Bodies Wit

Fig. 11. Uncertainty values for 5 L, fuel dispenser.

Uncertainty LPG 5L

7,00E-02 murep
6,00E-02
5,00E-02 mu cal ref
4,00E-02
" 3,00E-02 u res ref
< 2,00E-02
10002 mu res LPG
0,00E+00
-1,00E-02 .
' my drift ref
-2,00E-02
NVB1 NVB2 NVB3 NVB4
wu temp
National Verification Bodie
mu other

Fig. 12. Uncertainty values for 5 L, LPG dispenser.

used has the same metrological characteristics and it’s calibrated in the
same institute.

8. Conclusions

A national comparison in field of verification of fuel dispensers and

e5

Measurement: Sensors 38 (2025) 101830

LPG dispenser was organized between four qualified entities for
metrological control. IPQ, as the National Metrology Institute, has
piloted this interlaboratory comparison, providing the reference value
for the fuel dispenser. For the LPG meter the reference value was
determined based on the weighing mean of the participants results.

Considering that the measurements were performed on-site, at
different days and hours, by different entities using volume standards
with different characteristics, the results of the comparisons can be seen
as positive.

Although two participants had one unsatisfactory results, but their E,
values were very close to 1. Such situations occurred possible because
underestimation of uncertainty.

Interestingly, the volume values measured by the participants had a
maximum variation between each other of 0,2 % for the fuel pump and
0,6 % for the LPG pump. This value is smaller than the correspondent
MPE and indicates a good reproducibility of the whole measurements.

Concerning the evaluation of the measurement uncertainty, we can
verify that, for 5 L with both kinds of fuels, the largest component of
uncertainty of all participants was the resolution of the device under
test. For LPG meter, there was no evidence regarding the largest source
of uncertainty and correspondingly the value of the expanded uncer-
tainty was very similar among all the participants because they used the
same type of reference meter.
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This paper gives an overview of investigations with a newly developed pressure-driven flow controller, which has
no mechanical components and can therefore provide pulsation-free flows. The performance of the pressure-
driven flow controller is compared with high-precision syringe pumps used as reference systems in most labo-

Pressure-driven flow controller
Microfluidic chip
Flow resistivity

ratories and National Metrology Institutes.
The results show an astonishing performance of the pressure-driven flow controller, but also a strong dependence

on the associated flow sensor. In contrast to a high-precision syringe pump, the system with a flow sensor is much
more dependent on fluid properties, pressure and temperature.

However, the strength of the pressure-driven flow controller lies in rapid flow changes and flow stability. Here
the system gives excellent results.

Another advantage of the system is that direct access to pressure values makes it easy to measure hydrodynamic
resistances, which are important for lab-on-a-chip and organ-on-a-chip applications.

1. Introduction

Microfluidics is the technology of designing and manufacturing
miniaturised devices consisting of chambers and channels. It is the sci-
ence of manipulating and controlling fluids within them. The ability to
control small flow rates very precisely is used in a wide range of appli-
cations, particularly in many areas of biology, medicine and engineering
[1,2]. These include diagnostics, cell culture, drug discovery, rapid
testing, organ-on-a-chip systems, single cell processing and sequencing,
and other technical applications, particularly in the sensor, process and
food industries [3]. In microfluidics, the effects of viscosity and capil-
larity are very important, and inertia and gravity are negligible. This
condition affects the behaviour of the fluid and the way its flow is
controlled. Flow in a microfluidic system is typically generated by
peristaltic or syringe pumps, which are mechanical systems. Conse-
quently, they cannot provide a completely pulsation-free flow and are
limited in terms of response time and flow stability.

An alternative method of generating flow is the relatively new
pressure-driven flow system, in which the liquid from a sealed container
is forced into a more uniform motion by a gas supplied from an external
pressure source, resulting in a pulsation-free flow that allows better flow
control. Pressure-driven flow controllers only provide direct access to
pressure by setting a setpoint pressure. To access flow values, a flow
sensor must be added to the setup so that the inlet pressure is auto-
matically adjusted to achieve the desired flow rate. The generated flow
rate is proportional to the pressure difference with the microfluidic
resistance as the proportional coefficient, which is a characteristic of the
fluidic system and depends on the device geometry and liquid proper-
ties. This study investigated a novel pressure-driven flow controller and
a fast-responding in-line flow sensor capable of measuring liquid flows
down to 0.4 pL/min. In contrast to conventional pressure-driven flow

https://doi.org/10.1016/j.measen.2024.101645
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controllers, this prototype has a slightly lower response but very low gas
consumption. The investigations included pressure control with flow
monitoring and flow control with pressure monitoring measurements
and simultaneous calibration of the entire microfluidic system, i.e. in
this case the flow sensor was calibrated with a balance using the dy-
namic weighing method. In this context, different microfluidic resis-
tance configurations were investigated using a thermoplastic polymer
microfluidic chip (TOPAS chip) containing 8 different channel config-
urations accommodated on the same chip. To compare the results, the
same microfluidic resistance measurements were also performed using
high-precision syringe pumps and calibrated glass syringes, which are
used as reference systems in most microflow laboratories. All these
measurements were carried out using water as the test fluid, but also
Simulated Body Fluid (SBF) and Phosphate Buffer Saline (PBS) at two
different National Metrology Institutes under the scope of EMPIR project
MFMET [4].

There are a variety of microfluidic applications that require fast
dynamic response and precise flow rate control. The performance of the
pressure-driven flow controller was investigated in terms of its dynamic
behaviour by applying various predefined flow profiles (ramp, sine,
square and triangular) and comparing them with the response behaviour
of the fast-responding flow sensor.

2. Methods and procedures

The gravimetric method [5] is used to determine a delivered mass of
a liquid over a time interval. This method can be used for testing inline
flow sensors and flow generators. In a gravimetric microfluidic setup, an
electronic balance is used to determine the delivered mass of a liquid
from or through the test object, which can be a flow generator, a
microfluidic device or a flow meter. In general, the desired flow rate is



O. Biiker et al.

Measurement: Sensors 38 (2025) 101645

Fig. 1. NEXUS pump system measurement setup at IPQ.

Fig. 2. Cetoni pump system measurement setup at RISE. In the configuration
shown, the pressure drop over a channel of the microfluidic chip is measured.

generated using a high-precision syringe pump with a calibrated syringe
of known size, material and volume and compared against the weighing
scale. The calibrated system can then be used as a reference even
without a weighing scale.

2.1. High-precision syringe pump

High-precision syringe pumps are dedicated syringe pumps that are
often used in laboratories, medical research centres and other areas
where extremely accurate fluid delivery is required due to the need of
very reliable and reproducible results. These types of pumps have a very
high accuracy and allow extremely accurate delivery of liquids with
precise control over the flow rate, especially at low flow rates and vol-
umes. These devices are suitable for a wide range of fluids and appli-
cations and often have programmable functions and recording
capabilities.

2.1.1. NEXUS pump system at IPQ

At the Portuguese Quality Institute (IPQ) [6] flow is generated with a
Nexus 3000 syringe pump (Fig. 1), from Chemyx, using a 1 mL ILS glass
syringe connected to polyethylene (PE) tube of 1.26 mm (0.05”) inner
diameter which is immersed in the water in the weighing vessel on the
balance (Mettler AX26, resolution 1 pg). In addition, this particular
setup uses an evaporation trap to reduce evaporation, especially useful
at low flow rates, and the connecting tube was inserted below the water
surface inside the weighing vessel of the balance to avoid the drop
impact effect. Thus, the mass flow rate is determined, and the volume
flow rate can be calculated with the appropriate density of the liquid.

The time interval in which the mass is delivered is determined by a
timing module to derive the mass flow rate. The data are collected from
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the balance every 250 ms during 60 min using a LabVIEW application.
The flow rate is determined every 30 seconds.

The climatic conditions such as air temperature, relative humidity
and pressure are determined to correct for buoyancy effects on the
balance. The liquid temperature is measured in the beginning and at the
end of the tests and used to convert the mass flow rate into a volumetric
flow rate, considering the density of the liquid used.

At start of each measurement, it is required to put the system on
charge, and after that let it run for 10 minutes to stabilise.

2.1.2. Cetoni pump system at RISE

For the measurements, the Nanoflow Test Facility at the Research
Institutes of Sweden (RISE) was used, Fig. 2. A very detailed description
and operating principle of the facility can be found in Ref. [7]. The main
part of the test facility is a Mettler Toledo XPR10 microbalance
(weighing scale) with a capacity of 10.1 g and a readability of 1 pg. The
measuring principle of the test facility is based on the dynamic weighing
method and has a flow rate range of 0.25 pL/h to 1 mL/h, which is
adapted to the specifications of the weighing scale.

The weighing scale can be operated and read out using a Personal
Computer (PC) and a self-written LabVIEW programme. For all mea-
surements, the weighing scale was read out at 1 Hz.

The AAMI Technical Information Report (TIR) TIR101:2021 [8]
gives recommendations for minimising evaporation. As described in
Ref. [7], for all measurements the weighing vessel (beaker) was first
filled with about 10 mm of water and then with about 5 mm of paraffin
oil to minimise the effects of evaporation. The paraffin oil is denser than
water and prevents evaporation on the surface. In addition, an evapo-
ration trap was used.

A 27G needle with a nominal outer diameter (OD) of 0.413 mm, a
nominal inner diameter (ID) of 0.210 mm and a length of 90 mm was
used for all measurements as the focus is on very low flow rates. This is a
Whitacre spinal needle (pencil point) which, unlike a standard Quincke
spinal needle (cutting), has the opening on the side (at the end of the
needle) and not directly at the end of the needle. The advantage is that
this needle does not exert any direct forces when filling the weighing
scale.

For all measurements, the tubing in the measuring range is 1/16” OD
Polyether Ether Ketone (PEEK) mostly with an ID of 0.13 mm but also
some with an ID of 0.50 mm.

All tests were carried out at an ambient and water temperature of
(23.0 £ 0.5) °C. The temperature of the test liquid was measured indi-
rectly at various spots using type K thermocouples (TC) connected to a
National Instruments compactRIO Data Acquisition (DAQ) system. The
air pressure, room temperature and humidity in the laboratory were
measured separately and recorded by a Vaisala PTU300.
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Table 1
Manufacturer specifications of the Elveflow Microfluidic Flow rate Sensor (MFS)
MFS2.

Specifications MFS2

Flow rate range
Accuracy (bi-directional)
Repeatability (bi-directional)

0 to + 7 pL/min
5 % m.v. between (0.42-7 pL/min)
0.5 % m.v. between (0.70-7 pL/min)

Pressure drop at full scale flow rate, 23 °C 3 mbar
Total internal volume 1.5 pL
Sensor inner diameter 150 pm
Operating pressure 200 bar
Fitting type UNF 1/4"-28

Fig. 3. MIC system measurement setup at IPQ.

2.2. Pressure-driven flow generator

A pressure-driven flow controller is a method to generate flow in
microfluidics. The pressure driven flow controller is connected to an
external pressure source. The device applies a precise gas pressure to a
sealed reservoir filled with liquid. The pressure difference between the
outside pressure (atmospheric pressure in an open system) and the
pressure inside the reservoir forces the liquid to flow through the
microfluidic device. The flow rate generated is therefore directly pro-
portional to the difference in pressure between the inlet and outlet,
known as the differential pressure.

The pressure-driven flow controller is operated by the software
supplied, which allows to regulate the pressure by setting a target
pressure. The higher the pressure difference, the higher the flow rate.
The pressure-driven flow controller only provides direct access to
pressure. To access flow values, a flow sensor (flow meter) must be
added to the setup. The combination of a pressure-driven flow controller
and a flow sensor offers the advantage of either working in pressure
control with flow monitoring, or in flow control where the inlet pressure
is automatically adjusted to achieve the target flow. In this case, a
feedback loop is established between the flow sensor and the pressure
controller via the control software.

The system provided by the Microfluidics Innovation Center (MIC)
consists of the prototype pressure-driven flow controller and a
commercially available Elveflow Microfluidic Flow Sensor (MFS). The
MFS2 used is a thermal mass flow (TMF) time-of-flight (ToF) conduc-
tivity flow sensor with the specifications given in Table 1. The operating
principle of the flow sensor is based on local heating of the liquid passing
through a capillary inside the sensor and measuring the temperature
upstream and downstream of the heater. The difference in temperature
between the two spots allows the MFS to determine the flow rate. The
relationship between the temperature difference and the flow rate de-
pends on the properties of the liquid. Therefore, the sensor must be
calibrated according to the liquid. The MFS2 comes with two different

e3

Measurement: Sensors 38 (2025) 101645

Fig. 4. MIC measurement setup at RISE.

preset calibrations available: water (H,0) and isopropyl alcohol (IPA) at
23 °C.

The supplied MFS2 has a flow rate specification of 0.42 pL/min to 7
pL/min (0.0252 mL/h to 0.42 mL/h). In order to cover as wide a flow
rate range as possible, three flow rates of 0.025 mL/h, 0.1 mL/h and 0.4
mL/h (a factor of 4 in between each) were selected for the measurement
campaign.

In principle it is possible to calibrate the flow sensor for other liquids.
However, all measurements shown in the following have been made
using the factory calibration for water.

2.2.1. MIC system at IPQ

The measurement setup is shown in Fig. 3. First, the pump is con-
nected to a pressure source (50 L, 200 bar nitrogen cylinder) and then
positioned higher than the reservoir to prevent backflow. The reservoir
is filled with the test fluid which flows through the tube and past the
Elveflow MFS. The MFS is positioned slightly above the microchip,
which is at the same level as the outlet. The Elveflow software can be
used to select the desired flow rate, display it graphically in the software
and store the results for further analysis.

It is recommended that the system is primed before starting mea-
surements, then the pump is allowed to run for 10 minutes to stabilise
before starting the measurement. After completing the first measure-
ment, set the new flow rate, allow the pump to run for approximately 5
minutes to stabilise and then start the measurement; this step is rec-
ommended for each measurement.

2.2.2. MIC system at RISE

In order to obtain consistent results, a similar measurement setup to
IPQ, as shown in Fig. 4, was realized. The pressure-driven flow
controller allows the control of the output pressure value of 4 inde-
pendent channels from 0 to 2000 mbar. The pressure source was pro-
vided by an Air Liquide ALPHAGAZ™ 1 nitrogen cylinder (50 L, 200
bar) connected by 6mm OD pneumatic tubing with push-in fittings. For
the 2000 mbar pressure channel, the pressure source was set at a con-
stant 5 bar using a pressure regulator. The pressure-driven flow
controller was connected to the pressure reservoir with 4 mm OD, 2.7
mm ID clear tubing. The flow sensor was placed flat on the granite table
as recommended by the supplier.

One difference to the IPQ setup was the measuring time. In this case,
the measuring time was selected so that about 1 mL (one full syringe)
was delivered in each measurement, regardless of the flow rate.

2.3. Microfluidic chip

Microfluidic chips are used for the precise manipulation and analysis
of small amounts of liquid. These include analytical chips, micromixer
chips, cell culture chips, lab-on-chip and organ-on-chip. Microfluidic
chips contain microscopic channels through which fluids can flow in a
very precise and controlled way. The three most common materials used
to make these chips are silicon, glass and polymer. The fabrication of the
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Fig. 5. Microfluidic polymer chip with 8 different channels, chip dimensions
75.5 x 25.5 mm, mini-luer access holes.

channels requires a high degree of precision and control to ensure that
fluids can flow properly through the channels.

In this study, measurements were made using the TOPAS micro-
fluidic chip shown in Fig. 5. This chip has 8 different channels. TOPAS
(Thermoplastic Olefin Polymer with Amorphous Structure) is a special
thermoplastic polymer used in the manufacture of microfluidic chips
due to its unique properties such as high transparency, chemical resis-
tance and biocompatibility.

Due to the maximum pressure of the pump of 2000 mbar, only
channel numbers 1, 2 and 5 could be considered for the envisaged flow
range (Table 2). As channel no. 1 has the lowest pressure drop, this
channel was deselected.

Measurements were performed with two configurations of channel
no. 5 at IPQ and channel no. 2 at RISE. Herby the direct connection of
the inlet and outlet with a height and weight of around 500 pm has the
designation “large” and the configuration with the given height and
width and length in Table 2 has the has the designation “small”. The
pressure drop over the “large” configuration is negligible for the given
flow rates due to the dimensions.

3. Results and discussion

In the first step, measurements with a high-precision syringe pump
are carried out and then compared with measurements with the
pressure-driven flow controller.

3.1. High-precision syringe pump

For the measurements with the Nexus pump at IPQ and the Cetoni
pump at RISE, with and without the chip, care was taken to ensure that
the measurement set-up, test time, start position and syringe remained
the same for tests.

Measurement: Sensors 38 (2025) 101645

3.1.1. Calibration of the high-precision syringe pump against the weighing
scale

The later calibrated system consisting of syringe pump and then
calibrated syringe can then itself be used as a reference for flow gener-
ation (see e.g. section 3.3).

3.1.1.1. Measurements with the Nexus system at IPQ. As can be seen in
Table 3, the error decreased as the flow rate increased and the uncer-
tainty varied between 1.4 and 2.0 %. These values are consistent with
the claimed Calibration and Measurement Capabilities (CMCs) of IPQ.

3.1.1.2. Measurements with the Cetoni system at RISE. The measure-
ments were carried out using the manufacturer’s specifications
regarding the dimensions of the syringe. As can be seen in Table 4, the
measured values correspond very well with these specifications. The
measurements at all three flow points provide consistent results.

Table 3
Measurements with the Nexus system (1 mL ILS syringe) against the weighing
scale using water as test liquid.

Calibration results at IPQ (Nexus system)

1 Set flow rate: 0.025 mL/h
Measurement time: 2h 00 min
Measured flow rate: 0.0257 mL/h
Measurement error: —2.80 %
Uncertainty U(k = 2) 1.40 %

2 Set flow rate: 0.100 mL/h
Measurement time: 2h 00 min
Measured flow rate: 0.0994 mL/h
Measurement error: +0.60 %
Uncertainty Utk = 2) 2.00 %

3 Set flow rate: 0.400 mL/h
Measurement time: 2h 00 min
Measured flow rate: 0.3985 mL/h
Measurement error: +0.38 %
Uncertainty Utk = 2) 1.70 %

Table 4
Measurement results (U(k = 2) < 0.5 %) with the CETONI system (1 mL syringe)
against the weighing scale.

Syringe calibration results at RISE

1 0.025 mL/h

The measurements were carried out in two stages: Measurement time: 39h 45 min
Weighing scale (Ref.): 0.992708 mL
- In the first stage (section 3.1.1), the test was carried out directly Cetoni logfile (syringe): 0.993802 mL
. the bal ith th . fuidic chi thi h Measurement error: +0.11 %
against the balance, without the microfluidic chip. In this stage, the 2 0.100 mL/h
test was performed at 0.025 mL/h, 0.1 mL/h and 0.4 mL/h. At RISE Measurement time: oh 45 min
these tests were performed with water only but at IPQ with three test Weighing scale (Ref.): 0.974543 mL
fluids: water, Simulated Body Fluid (SBF) and Phosphate Buffered Cetont logfile (syringe): 0.975058 mL
Saline (PBS) Measurement error: +0.05 %
: . . 3 0.400 mL/h
- In the second stage (section 3.1.2), the same test was carried out but Measurement time: oh 25 min
with the microfluidic chip. Weighing scale (Ref.): 0.966534 mL
Cetoni logfile (syringe): 0.966722 mL
Measurement error: +0.02 %
Table 2
Dimensions of the eight channels available on the microfluidic chip.
Channel no. 1 2 3 4 5 6 7 8
Height (um) 100 50 20 10 50 20 10 5
Width (um) 100 50 20 10 50 20 10 5
Length (mm) 40 40 40 40 20 20 20 20
Pressure drop (mbar) at 0.025 mL/h 0.79 12.6 493 7890 6.3 246 3940 6310
Pressure drop (mbar) at 0.400 mL/h 12.6 202 7890 126000 101 3940 63100 1010000
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MNexus accuracy comparison (MFMET Channel 5 - large)
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Fig. 6. Error difference in the large configuration of channel 5 with and
without the chip with the Nexus system at IPQ.

3.1.2. Measurements with the high-precision syringe pump and the
microfluidic chip against the weighing scale

3.1.2.1. Measurements with the Nexus system at IPQ. The differences
between the results with and without the chip (“large” configuration of
channel 5) for water, SBF and PBS using the Nexus pump as flow
generator are shown in Fig. 6.

It can be verified that in general the uncertainty and the error values
obtained with the different liquids are similar.

Unfortunately, due to the high pressure the Nexus system had to
generate, IPQ was unable to measure the flow in the “small” configu-
ration of channel 5.

3.1.2.2. Measurements with the Cetoni system at RISE. Table 5 below
shows the measurement results with the Cetoni system for the mea-
surements with the “small” and “large” configuration of Chip 5 at
RISE.

In comparison to Table 4, the results show a slight shift in the
calibration curve of all flow points in a positive direction. The
measurement deviation is higher at low flow rates (longer mea-
surement times) and slightly higher in the “small” configuration of
channel 5 (higher pressure). This could speculatively indicate
evaporation or leakage, e.g. at the mini-luer connections on the
microfluidic chip. From a fluidic point of view, these connections are
not ideal. However, the results are still very good, especially for
microflow.

Table 5
Measurement results (U(k = 2) < 0.5 %) of the “small” and the “large” config-
uration of channel 2 on the microfluidic chip with the Cetoni system at RISE.

Channel 2: “large” and “small” configuration

“large” “small”

1 0.025 mL/h
Measurement time: 39h 30 min 39h 30 min
Weighing scale (Ref.): 0.977142 mL 0.972392 mL
Cetoni logfile (syringe): 0.987557 mL 0.987564 mL
Measurement error: +1.07 % +1.56 %

2 0.100 mL/h
Measurement time: 9h 45 min 9h 45 min
Weighing scale (Ref.): 0.973220 mL 0.968468 mL
Cetoni logfile (syringe): 0.975064 mL 0.975036 mL
Measurement error: +0.19 % +0.68 %

3 0.400 mL/h
Measurement time: 2h 20 min 2h 25 min
Weighing scale (Ref.): 0.931187 mL 0.963585 mL
Cetoni logfile (syringe): 0.933389 mL 0.966734 mL
Measurement error: +0.24 % +0.33 %
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Fig. 7. Error difference in the large configuration of channel 5 with and
without the microfluidic chip with the MIC system at IPQ.
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Fig. 8. Error difference in the small configuration of channel 5 with and
without the microfluidic chip with the MIC system at IPQ.

3.2. Pressure-driven flow generator

For the measurements with the MIC system with and without chip, it
was again taken into account that the setup and test time remained the
same for all measurements.

The measurements were carried out in two stages:

- In the first stage (section 3.2.1), tests were performed against the
weighing scale with the microfluidic chip. Measurements were made
at 0.025 mL/h, 0.1 mL/h and 0.4 mL/h with three test fluids (water,
SBF and PBS) at IPQ and with water at RISE.

- In the second stage (section 3.2.2), dynamic measurements were
performed at RISE with the MIC system.

3.2.1. Measurements with the MIC system and the microfluidic chip against
the weighing scale

3.2.1.1. Measurements with the MIC system at IPQ. The differences be-
tween the results with and without the chip (“large” configuration of
channel 5) for water, SBF and PBS using the MIC as flow generator are
described in Fig. 7.

In this case there are some variations in the results using different
liquids. TMFs are strongly dependent on the thermal properties of the
liquid, such as specific heat capacity and thermal conductivity. It should
be noted that all the results were obtained with the preset calibration for
water at 23 °C.

In general, the uncertainty values of the MIC system are smaller than
for the Nexus pump. The differences between the results with and
without the chip of the channel 5, “small” configuration, for water, SBF
and PBS using the MIC as flow generator are described in Fig. 8.

In this situation the uncertainty is larger than for the larger config-
uration, but the error values are similar, except for the SBF were some
anomalies occurred during the tests.

What can be recognised, however, is that in general the uncertainties
obtained at IPQ from the MIC system are smaller than for the Nexus
pump. The error variation between the values with and without the chip
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Table 6
Measurement results of the “small” and the “large” configuration of channel 2 on
the microfluidic chip with the MIC system at RISE.

Channel 2: “large” and “small” configuration

“large” “small”

1 0.025 mL/h
Measurement time: 39h 30 min 39h 30 min
Weighing scale (Ref.): 0.945410 mL 0.958790 mL
MFS logfile: 0.024992 mL/h 0.024988 mL/h
Pressure 39.64 mbar 58.74 mbar
Measurement error: +4.42 % +2.94 %

2 0.100 mL/h
Measurement time: 10h 00 min 10h 00 min
Weighing scale (Ref.): 1.005302 mL 1.010770 mL
MFS logfile: 0.099994 mL/h 0.099986 mL/h
Pressure 70.28 mbar 123.33 mbar
Measurement error: —0.53 % —1.08 %

3 0.400 mL/h
Measurement time: 2h 30 min 2h 30 min
Weighing scale (Ref.): 1.115796 mL 1.129715 mL
MFS logfile: 0.400063 mL/h 0.399951 mL/h
Pressure 198.92 mbar 426.20 mbar
Measurement error: —10.36 % —11.49 %

is similar for both pumps for the large configuration.

3.2.1.2. Measurements with the MIC system at RISE. As can be seen in
Table 6, at the lowest flow rate the Elveflow MFS2 delivers a lower flow
than is displayed. In contrast, the flow sensor delivers more than it in-
dicates at the maximum flow rate. In the medium flow rate, the two
values match more closely.

The flow values with the “small” chip configuration are similar
values to those with the “large” ship configuration, possibly with a small
shift of the entire calibration curve.

It should be mentioned that there are other influencing factors that
can affect the measurement in the MIC system. For example, the inlet
pressure changes depending on the filling volume of the reservoir. In the
Eppendorf lid used with a filling volume of 2 mL, the first millilitre (from
2 ml to 1 ml filling volume) makes a difference of 1.6 mm and the second
millilitre (from 1 mL to 0 mL filling volume due to the conical shape)
makes a difference of 1.8 mm. Assuming that a water column of 100 cm
represents a pressure of 100 mbar, this already means a pressure dif-
ference of 1.6 mbar for a measurement in which a volume of 1 mL is
delivered, respectively a necessary increase in inlet pressure. At the
same time, the weighing scale is filled and the back pressure increases.
In the case of measurements at RISE (about 5.35 mm/ml), this means an
additional 5.35 mbar per millilitre.

In order to maintain a constant pressure, the difference at the
beginning of the measurement (2 mL in the reservoir) to the end of the
measurement (1 mL in the reservoir) is about 7 mbar.

These considerations probably do not make much difference for large
flow rates and the associated higher pressures. However, the situation is
different with low flow rates and lower pressures.

3.2.2. Dynamic measurements with the MIC system at RISE

Flow control is achieved by a Proportional-Integral-Derivative (PID)
controller feedback loop in the MIC system. The software supplied al-
lows the PI parameters to be changed to achieve the desired response.
The change of the PI values is usually sufficient for most applications. As
a rule of thumb, if the system is slow to react or overshoots, P should be
changed and if there is oscillation or the system slows as it approaches
the target, I should be changed. The default parameters for P and I are
0.001, which means a quite sluggish system.

The most common test signal for characterising the transmission
behaviour of a system is the step function. For this reason, it was
examined to what extent the system can follow desired rapid flow
changes. For this purpose, the pump (P:0.012, 1:0.012) was subjected to
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Fig. 9. Result of the step response tests with adjusted amplification factor.
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Fig. 10. Result of the sine excitation test with adjusted amplitude and phase.

a rectangular function between 0.2 mL/h and 0.3 mL/h with a period
length of 60 s (step up, hold for 30 s, step down, hold for 30 s), Fig. 9.

In addition to the step function and pulse function, periodic input
functions are also used as test signals to determine the transfer behav-
iour of dynamic systems. The frequency response is the relationship
between the input and output signal of a linear time-invariant system
with sinusoidal excitation in terms of amplitude and phase. Due to the
linear behaviour of the system, the output signal has the same frequency
as the input signal. However, the two signals differ in amplitude and
phase. The ratio of the amplitudes of the input signal and the output
signal as a function of the frequency is the amplitude response. The
difference in phase between the input signal and the output signal as a
function of frequency is the phase response. This means after a transient
phase, the system also responds to a sinusoidal signal with a sinusoidal
signal of the same frequency, but with a different amplitude and phase
depending on the frequency.

As can be seen in Figs. 9 and 10, the MIC system is able to follow
rapid changes. The period duration of the rectangular functions is
already at the limit, at least for the setup at RISE. The response during
excitation with the sine function is on the other hand extremely smooth.

3.3. Flow resistivity/Hydraulic resistance measurements

Microfluidic flows are characterised by their laminar nature and
therefore viscous effects dominate over inertia. This leads to a simpli-
fication of the Navier-Stokes equations to the Poiseuille equation, which
describes the pressure drop due to the viscosity of an incompressible
fluid. The flow rate is then proportional to the pressure drop:

Ap=Rp-Q (€8]

The flow resistance Ry, also called hydraulic resistance or hydrody-
namic resistance, is a crucial parameter in microfluidic experiments. The
flow resistance can be defined as the resistance that all microfluidic
components in a measurement setup (tubing, valves, flow sensor, etc.)
and the microfluidic chip present to the flow. When a fluid is
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Table 7
Measurement results of the large configuration of channel 2 on the microfluid
chip with the Cetoni system at RISE.

Measurement: Sensors 38 (2025) 101645

Table 10
Measurement results of the small configuration of channel 2 on the microfluid
chip with the MIC system at RISE.

Cetoni system — Channel 2: “large” configuration

MIC System — Channel 2: “small” configuration

Target flow (mbar) Cetoni set flow (mL/h) MFS log (mL/h) Ap (mbar)
0.000 0.000 0.000474 0.00
0.025 0.024 0.025865 0.38
0.100 0.100 0.099685 0.48
0.200 0.200 0.197413 1.63
0.300 0.312 0.293645 2.22
0.400 0.450 0.403838 2.24
Table 8

Measurement results of the small configuration of channel 2 on the microfluid
chip with the Cetoni system at RISE.

Cetoni system — Channel 2: “small” configuration

Target flow (mbar) Cetoni set flow (mL/h) MFS log (mL/h) Ap (mbar)
0.000 0.000 0.000606 0.00
0.025 0.024 0.025325 18.02
0.100 0.100 0.095104 57.72
0.200 0.200 0.202950 111.27
0.300 0.312 0.294966 161.33
0.400 0.445* 0.397255 225.61
Table 9

Measurement results of the large configuration of channel 2 on the microfluid
chip with the MIC system at RISE.

MIC system — Channel 2: “large” configuration

MFS flow Ref. flow Pressure

mL/h mL/h mbar
0.400 0.400063 0.446319 198.96
0.100 0.099994 0.100530 70.28
0.025 0.024992 0.023934 39.64
0.000 —0.000930 0 27.96

pressurised, the flow resistance determines the corresponding flow rate.
The range and precision of the flow rate can be controlled by adjusting
the flow resistance of the system.

In lab-on-a-chip experiments, for example, it is important to calcu-
late the microfluidic flow resistance of a chip to understand the system
and define the flow parameters (e.g. shear stress). This is determined by
the design of the microchip. As a side note, by adjusting the material,
length and diameter of the tubing, the flow resistance can be influenced
to adapt or improve the performance of the flow control system.

MFS flow Ref. flow Pressure

mL/h mL/h mbar
0.400 0.399951 0.451886 426.20
0.100 0.099986 0.101077 123.33
0.025 0.024988 0.024273 58.74
0.000 0.000856 0 27.75

3.3.1. Measurements with the Cetoni system at RISE

The flow was generated using the high-precision syringe pump
(Cetoni) and the 1 mL syringe which was calibrated for this purpose in
section 3.1 (section 3.1.1). For the pressure drop measurement over the
chip, two external pressure sensors (Cetoni) with a flat ceramic mem-
brane and a nominal pressure of 500 kPa (5.0 bar) were used to measure
the pressure before and after the microfluidic chip. The pressure sensors
were connected directly to the Cetoni syringe pump via a Cetoni input/
output (I/0) port splitter and the pressure values were recorded by the
Cetoni software.

The measurement set-up was designed that the syringe pump was
connected to the MFS, then the MFS to the upstream pressure sensor.
After the downstream pressure sensor, the measuring line ends at an
infusion needle that protrudes into the beaker.

For this application, the MFS was used as a flow sensor and not as a
regulator as in the MFS system. As can be seen in Tables 7 and 8, the flow
rate of the Cetoni pump was set in such a way that the MFS display
shows the desired flow rate value in the software. This procedure en-
ables better comparability with the MIC system, as the value of the MFS
there is used as the flow reference. As can be seen in Table 7, for
example, the flow rate value of the Cetoni pump need to be set to 0.450
mL/h so that the MFS displays a flow rate of 0.400 mL/h. According to
the measurements and the evaluation of the MFS log file, the average
value in this case was actually 0.403838 mL/h. Incidentally, this finding
also corresponds very well with the measurements of the MFS against
the weighing scale (Tables 6 and 9).

The pressure sensors have a resolution of 1.25 mbar and are there-
fore completely unsuitable for measuring such small pressure differ-
ences. However, the results shown in Table 7 confirmed that the
pressure drop over the “large” configuration of channel 2 is negligible, as
already mentioned in section 2.3.

Table 8 and Fig. 11 summarise the results of the pressure drop
measurements with the Cetoni pump over the small configuration of
channel 2 (R, = 518.0 mbar h/mL). The results correspond well with the
theoretical values (R, = 505.8 mbar h/mL) which can be calculated
using the channel width, channel height and channel length. The
measured value is slightly larger, which could indicate that the actual

Cetoni system: flow resistivity (channel 2 "small")
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Fig. 11. Comparison of the results of the measurements with the Cetoni system with the theoretical value.
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MIC system: flow resistivity (channel 2 "small")
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Fig. 12. Comparison of the results of the measurements with the MIC system with the theoretical value.

channel length and/or the channel width is slightly smaller, or the
channel is slightly longer.

3.3.2. Measurements with the MIC system at RISE

The same measurements were made using the MIC system. The
advantage of the MIC system is that, due to the nature of the operating
principle, the pressure is directly available as a value provided by the
system.

As the pressure drop over the large configuration of channel 2 is
negligible, the pressure drop over the small configuration of channel 2
can be determined. If the measurement setup is identical in both con-
figurations, the only difference is that the pressure drop over the chip
plays a role in one case (small configuration of channel 2) and not in the
other (large configuration of channel 2). This means that a much higher
inlet pressure is required in one case than in the other. The back pressure
is also the same in both cases. The difference between these two mea-
surements should therefore only represent the pressure drop over the
small configuration of channel 2.

The pressure drop measurements for both configurations are shown
in Table 9 (large configuration of channel 2) and Table 10 (small
configuration of channel 2).

It is noted that the pressure drop measurements were not taken at
exactly the same flow rates. The results are presented by differentiating
the pressure values and averaging the respective reference flow values
obtained from the measurement against the weighing scale. As can be
seen in Fig. 12, the measured value (R, = 506.4 mbar h/mL) agrees very
well with the theoretical value (R, = 505.8 mbar h/mL). Again, the
measured Ry, value is slightly larger than the theoretical Ry, value.

4. Conclusions

This study compares the performance of a pressure-driven flow sys-
tem, comprising a novel pressure-driven flow controller and a com-
mercial thermal mass flow meter, with that of established high-precision
syringe pumps, which are typically employed as the reference for flow
generation in most medical research and National Metrology Institutes.

The set pressure in a pressure-driven flow controller is proportional
to the flow rate, with the microfluidic resistance serving as the pro-
portionality factor. This factor depends on the measurement setup and
the properties of the test fluid used. In microfluidic applications, such as
lab-on-a-chip experiments, the microfluidic resistance of the microchip
is essential because it defines the parameters for the experiment. For this
reason, these measurements were realized with a microfluidic chip that
can create different pressure conditions at the same flow rate by simply
changing the channels or access holes on this chip. It should be noted
that the flow sensor was not calibrated for the other test liquids under
investigation, and the factory calibration for water was used. This offers
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potential for further investigation. Finally, pressure-driven flow systems
are regarded as fast-responding systems that produce pulsation-free
flow. Due to fast pressure changes, it is theoretically possible to
generate fast flow changes. For this reason, the dynamic behaviour was
also investigated. The system showed a favourable performance.

With water as the test liquid, it was demonstrated that a pressure-
driven flow system with a calibrated flow sensor can achieve excellent
results. In particular, in the context of lab-on-a-chip experiments, such
systems offer significant advantages, as they provide immediate feed-
back in the event of modifications to the chip design or other changes to
the measurement setup. This is of paramount importance for medical
research and development.
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Abstract. Microfluidics is a rapidly growing technology with applications in biochemistry and life sciences. To
support the ongoing growth there is a need for common metrology, quality control, and standardisation. Here
measurements of wettability and surface roughness can contribute, and these quantities affect flow
characteristics of devices, bonding processes in manufacturing, and special microfluidic mechanisms such as
droplet formation and spreading of fluids on surfaces. To quantify wettability, an optical laboratory setup was
used to measure liquid drop contact angles of three liquids on a microfluidic surface. To further quantify
wettability, the Owens, Wendt, Rabel, and Kaelble model was applied to contact angle measurements to
determine the total surface free energy. To quantify surface roughness, atomic force microscopy and stylus
profilometry measured area roughness parameter and profile roughness parameter for four samples of
microfluidic surfaces. The wettability methods successfully demonstrated measurements of contact angles, and
these methods were applied to determine a value for the total surface free energy. AFM and stylus profilometry
successfully determined surface roughness parameters, and the determined values agreed with the expected for
the material. In conclusion, the demonstrated methods can contribute to metrology, quality control and
standardisation in microfluidics.

Keywords: Microfluidics / wettability / surface roughness / metrology / quality control / standardisation

1 Introduction

Microfluidics is the technology of manipulating small
amounts of fluid using microchannels where one of the
transverse dimensions are smaller than 1000 pm [1,2]. The
microchannels are typically embedded in a thin slide, often
denoted a chip, and often made of polymer or glass.
Noteworthy applications of microfluidics are inkjet print-
ing [3,4], a microscale system for gas chromatography [5],
an array of capillary electrophoresis channels for DNA
sequencing [6,7], contributions to the Human Genome
Project [8,9], and organ-on-a-chip systems with cultures of
living cells in channels to simulate organ tissue in drug
trials [1]. Further examples of applications and technology
are available in the review by Convery and Gadegaard [1].

* Corresponding author: tsda@dti.dk

Different materials are used in microfluidic chips, and
the capabilities of microfluidic devices depend on materials
and their properties [10]. Thermoplastic polymers are an
often-used material, for example cyclic olefin copolymers
(COC) and copolyester thermoplastic elastomer (COP),
and these are suitable for mass production techniques such
as injection moulding [11]. Glass types, e.g. borosilicate
glass D236" bio or D236° T eco, are also commonly used
with advantages for devices requiring chemical stability,
high temperature, or high pressure [12]. The manufactur-
ing of glass chips can involve techniques such as glass
substrates, wet etching, and bonding of multiple glass
plates [12].

Wettability and surface roughness, both defined in
materials and methods, are relevant material properties
that can influence the operation and manufacturing of
microfluidic devices. Wettability describes the ability to
maintain contact between a liquid and a solid surface [13].

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses /by /4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Table 1. Samples of glass slides investigated in this study.

Sample Material Width (mm) x length (mm) Description

Sample 1 D263® bio 25 X 75 Flat surface for liquid drops
Sample 2 D263® bio 25 x 52.6 Two open channels

Sample 3 D263® bio 25 x 52.6 Two open channels

Sample 4 D263® bio 25 x 52.6 Two open channels

Sample 5 D263® bio 9.5 x 52.6 Bonding area only

In microfluidic devices associated with droplet mechanisms
the surface wettability is a fundamental characteristic
affecting the dynamic behaviour of droplet generation and
evolution [14]. Greater wettability has been shown to
enhance the flow of a fluid displacing another fluid, in a
microfluidic system with multiple fluid phases and a porous
medium [15]. Wettability is also an important characteris-
tic for microfluidic devices relying on spreading of a fluid for
chemical or biological reactions on a surface or in a
microchannel [16]. According to the classical description of
a stable laminar flow, wettability has no effect on the flow
in a microchannel [17]. However, multiple studies have
reported an experimental microchannel friction factor
higher than that predicted by the classical description
[18-20]. Li et al. propose a modified apparent viscosity
model for microscale flows based on molecular theory and
wetting theory [18]. In that model, the friction factor
increases with increasing wettability, and a greater
pressure difference would be needed to drive a flow in a
microchannel with greater wettability.

Surface roughness may be loosely described as the surface
irregularities that makes a surface not smooth. For
definitions of surface texture and surface roughness
parameters see ISO 25179-2 [21] and ISO 21920-2 [22].
According to the classical description of a stable laminar
flow, surface roughness does not affect the flow in a
microchannel [17]. However, there are studies where the
pressure difference needed to drive a flow in a microchannel is
larger than expected from classical laminar flow theory
[23-25]. These studies refer that the observed excess flow
resistance is an effect of the surface roughness of a
microchannel. Thus, higher surface roughness may increase
the pressure difference needed to drive a given flow through a
microchannel.

In summary, different values of wettability may help
facilitate special mechanisms in different types of micro-
fluidic devices. Smooth surfaces and low wettability can
lead to microchannels where lower pressure differences are
needed to drive the flow, which may improve flow
performance, and reduce risks of leaks and burst of
microfluidic devices and interfaces [26]. Furthermore,
surface roughness is important for microfluidic
manufacturing involving bonding of multiple glass or
polymer layers, where it can be more difficult to bond
rougher surfaces successfully [27]. The goal of this study is
to demonstrate accurate measurement and evaluation of
wettability and surface roughness, and thus help optimis-
ing and standardising the performance of microfluidic
devices. Stakeholders from industry, academia and
government have recognized that microfluidics has

unanswered needs regarding universally accepted metrol-
ogy, quality control, and standardisation [28,29]. Thus,
this study makes a novel contribution to the important
effort of advancing quality control, standardisation and
harmonisation in the field of microfluidics [28,29].

The experimental results presented in this study have
also been communicated in reports of the MFMET project,
and these reports are available on the Zenodo general
purpose open repository [30-35]. Furthermore, this work
was inspired by some of these reports [30-32].

2 Materials and methods
2.1 Samples

Table 1 lists the five samples of glass slides used in this
study. Sample 1 was used for wettability measurements, and
it had a flat surface of the material D263® bio, with thickness
1mm, width 25mm, and length 75mm. IMTAG in
Greifensee, Switzerland, provided sample 1 in a sealed box.

Table 1 also lists sample 2-sample 5, which were used
for surface rou@ghness measurements, and these were glass
slides of D263 bio with width 25 mm and length 52.6 mm
provided by IMTAG in Greifensee, Switzerland. From the
perspective of microfluidic manufacturing these glass slides
are unbonded glass substrates. Sample 2-sample 4 had two
open channels made by wet etching, see Figure 1. These
three samples had the surface types bonding surface and
channel surface. Sample 5 was a glass slide with only
bonding area and no channels.

2.2 Measurements of wettability on microfluidic
surfaces

ISO 19403-1 [13] defines quantitative measures of wetta-
bility, i.e. the contact angle 6 of a liquid drop resting on a
solid surface, and the total surface free energy of a solid
surface o,. The contact angle is the angle between the drop
base and the tangent of the liquid-atmosphere interface at
the three-phase point, see Figure 2. The total surface free
energy of a solid surface is energy or tension arising from
forces on the solid surface from interactions between
molecules, see Figure 2. While not used as a direct measure
of wettability, the total surface tension of the liquid o is an
important quantity, which describes energy or tension
arising from forces on the liquid surface from interactions
between molecules, see Figure 2. As explained below, the
contact angle 6 depends on both the liquid and the solid
surface, while the total surface free energy of a solid surface
is a material quantity that depends only on the surface.
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Fig. 1. Selected glass slides from Table 1, and locations of surface roughness measurements. The open channels in sample 2—sample 4
are 100 pm deep and 9.5 mm wide. Sample 1 is not shown in this figure, because it was used for wettability measurements only. A)
Sample 2-sample 4 had measurements with atomic force microscopy made at the indicated locations. B) Sample 2-sample 4 had stylus
instrument measurements made at the indicated locations. C) Sample 5 had stylus instrument measurements made at the indicated
locations.
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Fig. 2. Illustration of a liquid drop resting on a solid surface. In the three-phase point the solid, liquid, and atmosphere (containing
vapour) are in contact. Also shown in the illustration are the contact angle 6, the surface tension of the liquid is o}, and the surface free
energy of the solid surface 0. Source: Redrawn from ISO 19403-1 [13].



4 T.S. Daugbjerg et al.: Int. J. Metrol. Qual. Eng. 16, 2 (2025)

Fig. 3. The laboratory setup at CETIAT in Villeurbanne, France, for measuring contact angles on a flat surface. A — white diffused
lighting, B — slide under test, C — slide holder, D — high resolution microscope camera. Image credit: CETIAT.

ISO 19403-1 [13] and ISO 19403-2 [36] describe a
method to measure the contact angle, and a method to
determine the total surface free energy. In the context of
microfluidic chips, it is worth noting that these methods
address a drop on a flat surface, and not inside a
microchannel. As such, the contact angle and total surface
free energy in this study characterise liquids and surfaces,
rather than the geometry of a channel. There exists
research and publications which discuss measuring the
contact angle inside channels or tubes [37—-42]. However, at
the time of this study there was heterogeneity and
ambiguity among these methods, and to support wide
applicability and standardisation this study did not use
them.

The measurements of contact angle were performed at
the liquid flow laboratory at CETIAT in Villeurbanne,
France. The measurements used sample 1, see Table 1, and
three liquids were used: water, di-iodomethane, and
ethylene glycol. Figure 3 shows the laboratory setup that
measured the contact angles on a flat surface. To comply
with the test conditions described in ISO 19403-2 [36], the
laboratory setup operated not exposed to vibrations, intense
air flows, or intense light from the outside. Furthermore,

the setup was oriented horizontally, equilibrated with the
room temperature that was within (23+2) °C, and the
room’s relative humidity was within (50 £ 5)%.

The glass slide was placed in a sample holder, and the
position adjusted to place it in the lower half of the image of
the microscope camera. The slide holder was positioned
between the microscope camera and a source of white
diffused lighting, see Figure 3. The test liquid was prepared
and filled in a clean and bubble-free syringe. The cannula of
the syringe was moved to the top of the image, and the
image was adjusted for focus, contrast, and brightness.
Carefully, the syringe placed a drop on the glass slide, and
the microscope magnification was adjusted to make the
drop take up about 2/3 of the image.

The laboratory setup was calibrated with the calibra-
tion standards CP24 from KRUSS [43]. The standards are a
set of contact angle shapes printed on glass slides, and they
accurately follow theoretical drop shapes according to
Young-Laplace. The Young-Laplace equation can be
found in ISO 19403-1 [13]. The calibration standards
allow calibration of contact angles with an accuracy of
Uangle standard = 0.1° [43]. Contact angles were measured by
manually evaluating captured images with the software
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ImageJ [44]. For this calibration three measurements of the
contact angle were made for each of the three standards
with reference contact angle values 30°, 60°, and 120°.
This study used the Owens, Wendt, Rabel, and Kaelble
(OWRK) model to determine the total surface free energy of
the solid surface [13,36]. The OWRK model originates from
application of adsorption theory to describe the wettability
of a solid surface with a liquid [13,45,46]. The theory
formulates a state of equilibrium for the three-phase point,
see Figure 2. This equilibrium involves quantities such as
the contact angle, the total surface free energy of the
solid surface, and the total surface tension of the liquid [13].
The OWRK model assumes that polar interactions and
disperse interactions dominate other molecular interac-
tions [13,45,46]. Thus, the model describes the total surface
free energy of the solid surface oy, as the sum of the polar
surface free energy of the solid surface o and the disperse
surface free energy of the solid surface o.! [13,45,46].
Likewise, it describes the total surface tension of the liquid
o1 as the sum of the polar surface tension of the liquid o1”
and the disperse surface tension of the liquid 01" [13,45,46]:

d
o5 = oh + o

o1 =0} +al. (1)

Finally, the OWRK model formulates the equilibrium
with the following linear equation [13,36]:

y=mzx+b (2)
where [13,36]:
Y- (1 4 cos 6)-0;
24/
m=\/o¥
p
2

b=/t 3)

In summary, application of the OWRK model enabled
determination of the total surface free energy of the solid
surface o, as follows. Two or more liquids with known
values of total surface tension o}, disperse surface tension
01! and polar surface tension o1”, were placed on the solid
surface and contact angles 6 were measured. In this study,
the surface tension values were obtained from ISO 19403-2
[36,47]. The literature and measured values enabled
calculation of z and y, as stated in equation (3), and a
linear equation of the form in equation (2) was fitted to
and y. From the fit parameters m and b, the polar surface
free energy of the solid surface was derived as o’ = m?, and
the disperse surface free energy of the solid surface was

derived as 0.1 = b”. As stated in Equation 1 the total surface
free energy of the solid surface was found by adding the
disperse and polar contributions. It can be inferred from
equations (2) and (3) that if all else is equal, a drop will
have a smaller contact angle on a solid surface with a
greater total surface free energy. The contact angle is
illustrated in Figure 2.

2.3 Measurements of surface roughness on
microfluidic surfaces

The area roughness parameter S, is defined as the
arithmetic mean of the absolute value of the height z(z,y)
over the investigated surface A [21], see equation (4).

Su = [ 2t 9)ldady. (4)

Similarly, the profile roughness parameter R, is defined
as the arithmetic mean of the absolute value of the height
Z(z) over a line [, on the investigated surface [22,48], see
equation (5).

le
1
R, :E/|z(:c)|d:1: (5)
0

Notice that equations (4) and (5) use the absolute value
of the height, so peaks and valleys of a surface do not cancel
each other out. Furthermore, the height in equations (4)
and (5) is referenced with the mean of the surface, and ISO
25178 describes filters applied to surface data prior to
calculation of roughness parameters [21].

2.3.1 Atomic force microscopy

Atomic force microscopy (AFM) is a technique for imaging
three-dimensional surface topographies at the nanometre
scale [49-51]. AFM scans a sample by moving a sharp
physical probe over the surface, while measuring the
interaction forces between the probe and the surface
[49,51]. In AFM an important force for this interaction is
the interatomic weak force called van der Waals force
[50,51]. The sharp probe is attached to a small arm denoted
a cantilever, and during a scan either the cantilever or the
sample is moved by a very precise positioning system, e.g. a
piezoelectric scanner [52]. The interaction between the
probe and the surface is determined by measuring the
vertical motion of the probe, e.g. using a laser beam
deflection system [49,52]. In one operating mode the probe
is in contact with the sample, and this so-called contact-
mode could damage the surface or the tip. A special
operating mode of AFM is denoted tapping-mode, where
the cantilever vibrates vertically above the surface (~300
kHz typically), probing the interaction forces by the
changes in amplitude and phase of the oscillation can reveal
information about the vertical height of the sample surface
[49,50,52]. This mode is preferred for surface roughness
measurements, avoiding the smoothing of the tip or the
surface during acquisition of images.
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Fig. 4. The MarSurf GD 140 stylus instrument at IPQ, Caparica, Portugal, during the measurement of surface roughness parameters

of a sample. Image credit: IPQ.

Table 2. Results from calibration of the laboratory setup
for measuring contact angle. This result was also
communicated in a report of the MFMET project [33].

Angle of standard (°)  Measured angle (°)  Error (°)
30 30.55 0.55
30 29.35 -0.65
30 29.77 -0.23
60 59.84 -0.16
60 59.70 -0.30
60 59.32 -0.68
120 119.932 -0.068
120 120.20 0.20
120 120.13 0.13
Average of errors E (°) -0.13
Standard deviation of errors o (°) 0.40

This study employed a Veeco Dimension 3100 atomic
force microscope [52] and a Bruker AFM probe OTESPA R3
[53], and these measurements were made at LNE in Trappes,
France. The typical tip radius of OTESPA R3 is 7nm. The
NanoScope software controlled the acquisition of measure-
ments [52]. The AFM was in tapping-mode with cantilever
amplitude, cantilever frequency, gain, and resolution
adjusted according to manufacturer recommendations

[52]. The measurement campaign was carried out after
and before a calibration check to ensure the traceability of the
height measurement. This calibration was realised with a
P900H60 standard (nominal pitch 900 nm, nominal height
60nm) [54]. Furthermore, the measurements were made
after a few hours of thermalisation, and the protective
housing closed. The AFM scans were made in a scan area of
5 wm by 5 pm, 1024 pixels by 1024 pixels (pixel size 4.9 nm),
and scan speed 4 pm/s (scan rate 0.5 Hz).

Following measurements, the software MountainsLab
(Digital Surf) processed the raw images with the following
operations [55]: line to line levelling, thresholding to
exclude possible dust or residue on the surface, and
calculation of the area roughness parameter S, according to
ISO 25178 [56,57]. No additional filters were used.

Sample 2 to sample 4 were used for surface roughness
measurements with AFM. Each sample had three measure-
ments in channel 1, the bonding area, and channel 2, see
Figure 1.

2.3.2 Stylus profilometry

Stylus profilometry measures the topography of a surface by
physically probing the surface with a stylus tip mounted on a
probe arm [58-60]. The stylus profilometer operates with the
application of a small force, which makes the stylus tip
physically touch the surface [60]. Thestylusis typically in the
shape of a cone ending in a spherical tip, and typically the tip
is made of diamond and has radius of a few micrometres
[59,60]. The stylus scans the surface of asample by movement
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provided by a drive unit, typically comprising a motor and
gearbox [60]. The vertical motion of the stylus is electrically
detected, e.g. with a transducer device [60].

This study employed a Mahr reference measuring station
MarSurf GD 140, which scans surfaces with constant velocity
and constant force between surface and stylus tip [61] to give
quantitative information on heights with respect to position.
These measurements were made at IPQ in Caparica,
Portugal. Figure 4 shows the MarSurf probe arm with the
stylus scanning over the channel surface of one of the samples
at the IPQ laboratory. To comply with the MarSurf GD 140
instrument’s specifications, the parameters were set to probe
arm length 45 mm, measuring force 0.030N, spherical tip
radius 2 pm, vertical measuring range —250 wm to +250 pm,
maximum vertical resolution 0.2 nm, and measuring speed
0.10 mm/s [61].

Following the measurements, data analysis was made
with the MarWin EasyRoughness software from Mahr. The
settings for the evaluation of the surface texture of the profile
of the samples were based on the informative annex D of ISO
21920-3:2021 [62], as the samples were produced in aresearch
framework and therefore have no nominal values. Further-
more, the following measurement configuration parameters
were used: total profile length 0.56 mm, section length
0.08 mm, and evaluation length l,=0.4mm [22]. That
analysis enabled the evaluation of several parameters besides
profile roughness parameter R,. These were the height
parameters: root mean square height R, skewness R,
kurtosis Ry,, and total height R, [22], and these were the
feature parameters maximum height R,, mean peak height
R, and mean pit depth R, [22]. ISO 21920-2:2021 explains
these parameters in greater detail [22].

Sample 2 to sample 5 were used for surface roughness
measurements with stylus profilometry. Sample 2 to
sample 4 had nine profile measurements made in channel
1 and channel 2, see Figure 1. Finally, sample 5 had nine
profile measurements made in the bonding area, see
Figure 1. The choice of nine measurements was based
on, and exceeded, the recommendation of five sections in
the informative annex D of ISO 21920-3:2021 [62].

3 Results
3.1 Measurements of wettability on microfluidic surfaces

Table 2 shows results from calibration of the laboratory
setup for contact angle measurements.

From the results in Table 2, the measurement
uncertainty of contact angle measurements was deter-
mined to U(k = 2)contact angle = 1°, using the below formula:

Uangle standar ? =
U(k = 2)Contact angle — 2\/(%“) + (OE)Q + |E‘ (6)

In equation (6), Uingle standara 1S the accuracy of the
angle standard as defined in materials and methods, F and
oy, are respectively the average of errors and standard
deviation of errors, as defined in Table 2. In equation (6),
k=2 is the coverage factor, and its value implies a 95%
confidence level for the uncertainty.

Table 3 presents the results from contact angle
measurements of the three liquids on the surface of
sample 1. For each average contact angle 8, the uncertainty
was evaluated following JCGM [63], and the contributors
to the uncertainty evaluation were: the standard deviation
of the contact angles 6 for each liquid and Ucontact angle from
equation (6).

Table 4 shows values of z and y, see equations (1)—(3),
calculated from the average contact angles in Table 3 and
liquid surface tensions tabulated in ISO 19403-2 [36,47].
The uncertainty of y was determined following JCGM by
propagating uncertainty for y in equation (3) [63], and the
contributor to the uncertainty evaluation was: the
uncertainty of the average contact angle 6 from Table 3.

Figure 5 shows fitting of a linear equation to the values
of z and g, and the caption of Figure 4 presents the fit
parameters. The R-squared value is close to 1 and indicates a
decently successful fit [64], though it is important to notice
that the R-squared statistic does not consider the uncertain-
ty of data. If one compares data uncertainty and the fitted
linear equation in Figure 5, there is a clear discrepancy
between data and fit. The fitting procedure aimed to mitigate
this by using scale_ covar=True in LMFIT, so the width of
the confidence band and uncertainties of the fit parameters
were scaled according to the discrepancy [65].

Using equation (1), equation (3), and the fit parameters
from Figure 5, calculations were made of the polar surface
free energy of the solid surface o,”, and the disperse surface
free energy of the solid surface 0., and the total surface free
energy of the solid surface o,. The associated uncertainties
were evaluated following JCGM by propagating uncertainty
for o, 0., o, in equations (1) and (3) [36,63], and the
contributors to the uncertainty evaluation were: the fit
parameter band mfrom Figure 5. Table 5 displays the results.

3.2 Measurements of surface roughness on
microfluidic surfaces

Table 6 shows results from surface roughness measure-
ments with AFM, and given the resulting uncertainties this
method effectively resolved the nanometre scale of the
observed surface roughness. The uncertainty of S, was
evaluated following JCGM [63], and the contributor to the
uncertainty evaluation was: the standard deviation of three
measurements from the same surface, see Figure 1. Figure 6
shows topographic 2D surfaces from selected measure-
ments with AFM.

Table 6 shows the results from surface roughness
measurements with stylus profilometry, and given the
resulting uncertainties the profile roughness parameter R,
effectively resolved the nanometre scale of the observed
surface roughness. Apart from R, Table 6 also shows the
parameters R, Rg, Ri,, R, R, R, and R, from stylus
profilometry, and these were introduced in the materials
and methods section, and they will be discussed further in
the discussion section. The uncertainty of all parameters
associated with stylus profilometry was evaluated follow-
ing JCGM [63], and the contributor to the uncertainty
evaluation was: the standard deviation of nine measure-
ments from the same surface, see Figure 1.
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Table 3. Contact angle measurements of three liquids on the surface of sample 1. Uncertainties in this table are stated
with a 95% confidence level (k=2). These results were also communicated in reports of the MEMET project [32-34].

Contact angles 6 (°) Water Di-iodomethane Ethylene glycol
27+1 38+1 41+1
22+1 34+1 33+1
21+1 41+1 35+1

Average contact angle 6 (°) 23+6 38+7 36+8

Table 4. Values of z and y. The uncertainties U, are stated with a 95 % confidence level (k= 2). These results were also
communicated in reports of the MFMET project [32,33]. Also shown are values, yg;, from the fit in Figure 5 and a
comparison of y and yg, with Z-score [64] using u, = U,/2. The discussion has further details on the Z-score comparison.

Water

Di-iodomethane Ethylene glycol

T 1.53
y=+U, ((mN/m)"/?) 15.0+0.3
yge ((MN/m)?) 14.1
Z-score (Y-Ygt)/ Uy 4.9

0.00
6.4+£0.3
5.8

4.2

0.74
7.7£04
9.8
-11.1

4 Discussion

The materials and methods described methodology that
can be used as test protocols in microfluidics. A test
protocol to determine the wettability of a surface was
demonstrated on sample 1, a surface of D263® bio glass,
and with three liquids: water, di-iodomethane and ethylene
glycol. The measurement system for contact angles was
calibrated using traceable angle standards. The results of
measured contact angles are presented in Table 3, and the
determined surface free energy of sample 1 is presented in
Table 5. Notice the relatively large uncertainties of the
surface energies, which derived from the discrepancy
between fit and data, see Figure 5. Here, LMFIT was
used with scale covar=True, so the discrepancy contrib-
uted to the uncertainties of fit parameters and in turn to
the uncertainties of the determined surface free energies in
Table 5. Given the discrepancy, it is important to be
critical towards the reliability of the result in Table 5, and
it was not possible to make precise claims about the values
of surface free energies.

The discrepancy between fit and data could be
explained by an underestimation of measurement uncer-
tainties. The uncertainty of y derived from propagation of
the uncertainty of contact angle 6. In turn, the uncertainty
of 6 was estimated using the standard deviation of
reproduced measurements and the measurement uncer-
tainty from the calibration of the contact angle laboratory
setup. Table 4 quantitatively compares y uncertainties and
y values from data and fit. Assuming the fit is correct and
considering the values of Z-score, the uncertainties of y may
have been underestimated by a factor of 4.2 to 11.1.
Considering the values and uncertainties in Table 3, it
seems doubtful that all this underestimated uncertainty
could come from the contact angle measurements. Indeed,
uncertainties greater by a factor of 4.2 to 11.1 could exceed

189 ——- Fit

Confidence band (68 %)
Data (k=2)

161 4
14 1 o
12 1 =

101 -~

y ( (mN/m)¥2)
\
\

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
X

Fig. 5. Plot of values of z and y. Uncertainties of y, b and m have
a 95 % confidence level (k=2). A linear equation with confidence
band was fitted using LMFIT [65], and the fit parameters are:
intercept b= (6 3) (mN,/m)"/? and slope m= (5% 4) (mN/m)"/2
The R-squared of the fit is R*=0.87. These results were also
communicated in reports of the MFMET project [32-34].

Table 5. Calculated values for 0., 0.9, and o for sample 1
from Table 1. See equations (1) and (3) for definitions, and
this table shows uncertainties with 95% confidence level
(k=2). These results were also communicated in reports of
the MFMET project [32-34].

Parameter Value £ uncertainty (mN/m)
os’ 30£40
o4 34+ 38
o 63 £55
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Table 6. Results of surface roughness measurements by AFM and stylus profilometry. The samples and locations of
measurements are shown in Figure 1. The uncertainties have a 95 % confidence level (k=2). No AFM results were
available from the channel surfaces of sample 4, or from sample 5. No stylus profilometry results were available from the
bonding surface of sample 2 — sample 4. These results were also communicated in reports and a data set of the MFMET

project [31,32,34,35].

AFM

Stylus profilometry

Sample Location .S, (nm) R, (nm) R, (nm)

R, (nm)

R, (nm) R, (nm) R, (nm) Ry R

2 Channel
surface 1

Channel
surface 2

Bonding
surface
3 Channel
surface 1
Channel
surface 2
Bonding
surface
4 Channel -
surface 1
Channel -
surface 2

0.60+0.04 1.4+£02 1.7£04 8%2

0.60£0.06 1.3+£0.6 1.6+0.7 8£3

0.51£0.04 - - -

0.56+0.06 1.3+£0.2 1.6£04 8+2

0.56+£0.02 1.3£06 1.7£0.7 8£4

0.49+£0.04 - - -

1.4+03 1.8+06 8&£2

1.5+0.7 1.9+£09 9+4

Bonding 0.46+£0.02 - - -
surface

5 Bonding -
surface

1.4+04 1.8+05 8&£2

12+6 4+1 4.0£0.8 -0.1+06 4+2

10+6 4+2 4+2 —04+£0.7 3+2

11£6 4+2 4+1 -0.1£08 4+2

12+6 4+2 4+2 -0.2+£06 32

13+9 4+1 4+1 0+1 55

13+9 4+2 4+2 0x+1 5+5

11+3 4+1 4+1 -0.4+£04 33+£0.6

the values of 6 in Table 3, and that large uncertainties
cannot be justified by observations. Another possibility is
that the uncertainties in Figure 5 were underestimated
because the values used for surface tension of liquids did
not account for uncertainty. Analysis of propagation of
error [63] for y in equation (3), using values applicable to
water for 6, o, o,%, suggested that surface tension
uncertainties of order of magnitude ~1 mN/m (corre-
sponding to a relative uncertainty of #1%) would dominate
the uncertainty contributions to gy, and exceed the
uncertainties reported in Table 4. However, the widespread
practise of reporting and using surface tension values
without uncertainty makes it difficult to investigate this
further [36,66-68]. It is also possible that some data in
Figure 4 is an outlier due to an experimental mishap related
to the cleanliness of the surface, placing the drops, or issues
with liquids or photographs. This study made measure-
ments of wettability in the fall of 2022. While this study
was in review, ISO 19403-2:2017 [47] was updated to ISO
19403-2:2024 [36], and this update removed the use of
ethylene glycol as a test liquid. It is possible that the data
from ethylene glycol was an outlier, because of an issue with
ethylene glycol. For example, ethylene glycol is hydro-
scopic and it changes surface tension with increasing water
content [47]. Future studies may investigate further
underestimated sources of uncertainty or practises to
reduce the occurrence of outliers.

IMTAG communicated that the glass of sample
2-sample 5 was produced to have a surface roughness
below 0.5 nm. The surface roughness was however expected
to increase from various steps during manufacturing, so
values larger than 0.5nm were expected. The AFM
measurements produced surface roughness values in the
range 0.46-0.60nm, which was similar to the surface
roughness specified by IMTAG. Looking in Table 6, the
bonding surface appeared to have slightly lower surface
roughness than the channel surface. Looking at Figure 6, it
appeared that the channel areas were more homogenous,
while the bonding area had more changes in surface
topography over smaller distances. Based on the AFM
results, it can be argued that manufacturing steps
associated with the channels, e.g. wet etching, increased
the surface roughness by a low amount (~0.1nm). Low
surface roughness is a positive situation for later steps in
manufacturing, e.g. bonding processes, and it is positive for
the later applications where a microfluidic flow is contained
by the channel surfaces.

The measurements with stylus instrument in Table 6
showed slightly higher values of profile roughness parame-
ter R, than area roughness parameter S, with AFM in
Table 6. However, it was not possible to directly compare
the two parameters because of some key differences
between the AFM method and the stylus profilometry
method. First, AFM measured the surface roughness as a
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Fig. 6. Topographic surfaces of selected measurements with AFM. Samples and surface types can be compared with Table 1 and
Figure 1. For each pair of sample and surface, three AFM measurements contributed to the AFM averages presented in Table 6. These
results were also communicated in reports of the MFMET project [31,34].

mean over two dimensions, while stylus profilometry
measured it as a mean over one dimension. Second, the
scanning ranges were different with AFM scanning 5 pwm by
5 pm, and stylus profilometry scanning 560 pm. Hence, the
two methods measured surface roughness on different
scales. Finally, the tip radius of AFM was 7nm, while the
tip radius of stylus profilometry was 2 pm, and thus the two
methods see the surface roughness with different levels of
detail. With these considerations, differences are expected
between the two methods.

Models exist for the relationship between surface
roughness and wettability [69-71]. Wenzel stated that
wettability is affected by surface roughness and introduced
the Wenzel roughness factor accordingly [69,70]. In that
model, a higher surface roughness is associated with an
increased contact angle for otherwise chemically similar
surfaces. The work by Cassie and Baxter extended the
relationship between wettability and surface roughness to
porous surfaces, where the liquid drop and solid surface
may not be in full contact, but leave small pockets of air
[71]. Cassie and Baxter discussed examples where a surface
with a regular grid of fibres was associated with a large
contact angle and water-repellency [71]. In this study,
the feature parameters R,, R, and R,, see Table 6 and the
materials and methods section, partly described the mean
peaks and pits of the surfaces, and this was partly related
to the relationship between surface roughness and wettabili-
ty. In that perspective, Hongru et al. evaluated the Wenzel

roughness factor of several surfaces using laser scanning
confocal microscopy, albeit not they did not measure
wettability which was the objective of this study [72].

In conclusion, this study presented methods which can
be used as test protocols for wettability and surface
roughness in microfluidic manufacturing of devices. These
quantities are important in microfluidics, and they may
affect flow characteristics, bonding processes, and special
mechanisms such as droplet generation, multiple fluid
phases in a porous medium, and spreading of fluid. Such
test protocols can help the microfluidic industry in
facilitating robust quality control, characterisation of
devices, validation of devices, and standardised metrology.
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Abstract

The European project EPM SRT-v01 — MetCCUS (Metrology for Carbon Capture, Utilization and Storage) represents the
first metrology-focused initiative dedicated specifically to CCUS (Carbon Capture, Utilization, and Storage). Developed
within the scope of the European Green Deal, this project addresses the urgent need for accurate and traceable
measurements to support the deployment of CCUS technologies. CCUS is identified as a strategic area for achieving
the EU's climate objectives, namely the reduction of greenhouse gas emissions by 55 % by 2030 and the attainment of
carbon neutrality by 2050. By strengthening the metrological infrastructure related to CO: measurement and analysis,
MetCCUS plays a key role in enabling reliable monitoring, verification, and regulation of carbon capture processes.
Funded by EURAMET, the MetCCUS project addresses the metrological challenges identified by industry. It aims to
provide primary standards, measurement methods, and good practice guides to support the essential measurements
required in this field. Additionally, it seeks to develop a robust metrological infrastructure for monitoring and detecting
carbon dioxide leaks in energy and industrial processes, as well as in transport networks. This infrastructure will also
contribute to a better understanding of the carbon dioxide life cycle. As part of the project, four binary gas mixtures were
successfully characterized: two of SO: in a CO: matrix and two of H2S in a CO: matrix. Moreover, four multicomponent
mixtures were also characterized: two containing SO: + CO + O: in a CO: matrix, and two with H:S + CO + CH+ + O:
in a CO: matrix. All mixtures were prepared in cylinders at approximately 40 bar and subjected to a one-year stability
study. This stability assessment was conducted using statistical analysis based on the Normalized Error (En) function, in
accordance with ISO 13528:2022, which specifies statistical methods for interlaboratory comparisons and performance

evaluation.

Keywords: Carbon Metrology, Multicomponent Mixtures, Gravimetric Method, Certification, Stability Study

1. Introduction

Climate change has driven a significant expansion of environmental
monitoring efforts worldwide. To ensure the reliability of collected
data and to minimize measurement uncertainties, the demand for
traceable measurements has increased considerably. In this context,
reliable gas mixtures play a crucial role, as they are essential for the
calibration of analytical instruments used to measure atmospheric
pollutants and greenhouse gases (GHGs). These calibrated
instruments enable accurate determination of the amount fraction
of GHGs in the atmosphere, which is fundamental for climate
research and policy development. The excessive accumulation of
GHGs, particularly carbon dioxide (CO2), contributes to global
warming, ocean acidification, extreme weather events, and loss

of biodiversity. In response to these environmental challenges,
decarbonization has emerged as a key strategy. It involves the
progressive reduction of CO: emissions resulting from human
activities, with the objective of achieving a low-carbon or carbon-
neutral economy. An important technological pathway to support
decarbonization is Carbon Capture, Utilization, and Storage
(CCUS). This set of technologies is designed to capture CO-
emissions from industrial and energy-related sources, enabling
either its utilization in industrial processes or its permanent
storage in suitable geological formations, thereby preventing its
release into the atmosphere. Decarbonization and CCUS represent
fundamental components of global efforts to mitigate climate
change. Despite existing technological, economic, and regulatory
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challenges, continuous innovation, supportive policy frameworks,
and international collaboration provide a viable path forward.
Together, these initiatives aim to significantly reduce carbon
emissions and promote a sustainable, low-carbon future [1].

The European initiative EPM (European Partnership on Metrology)
SRT-v01 - MetCCUS (Metrology for Carbon Capture Utilization
and Storage) [1] represents the first metrology project dedicated
to CCUS (Carbon Capture Utilization and Storage) in Europe.
This initiative is a key element of the European Commission’s
Green Deal, an ambitious plan outlined in the European ecological
pact. CCUS is identified as one of the priority areas for achieving
the overarching goals of a 55 % reduction in greenhouse gas
emissions by 2030 and achieving carbon neutrality by 2050. The
project, funded by EURAMET, addresses significant metrological
challenges faced by industry stakeholders. It aims to develop
primary standards, methodologies and best practice guidelines
to ensure precise and reliable measurements essential to support
CCUS projects. A critical aspect of this initiative lies in the
preparation and use of primary gas mixtures, which plays a key
role in environmental monitoring and decarbonization research.
Reliable gas mixtures are essential for calibrating instruments that
measure atmospheric pollutants and greenhouse gases, ensuring
accuracy and consistency in data collection. Decarbonization
itself refers to the process of significantly reducing carbon dioxide
(CO,) emissions resulting from human activities, with the goal
of transitioning to a low-carbon or carbon-neutral economy. This
transformation is a key strategy for mitigating climate change by
directly reducing greenhouse gas concentrations in the atmosphere.

The MetCCUS project is a collaborative European initiative aimed
at developing advanced metrological techniques to support the
accurate measurement and monitoring of carbon dioxide (CO:)
emissions, as well as the processes of its capture, utilization,
and storage. Launched on October 1, 2022, the project involves
21 partners and will run for a duration of 36 months. It responds
to the growing need for reliable and precise data to ensure the
effectiveness and safety of carbon management technologies,
which are crucial in addressing climate change. The main
objectives of the project include the development of accurate
CO: measurement techniques, the improvement of calibration
procedures and metrological standards, the support of carbon
capture and storage (CCS) technologies, and the promotion of CO-
utilization, particularly in chemical manufacturing and enhanced
oil recovery. The project encompasses several key activities,
such as research and development, field testing and validation,
standardization and harmonization of methodologies, as well
as stakeholder engagement and training initiatives. MetCCUS
represents a significant advancement in the metrology of CO-
measurement, with important implications for the performance and
credibility of carbon capture, utilization, and storage technologies.
By enhancing the accuracy and reliability of CO2. measurements,
the project contributes to the broader goal of reducing greenhouse
gas emissions and combating climate change [1].

As part of the MetCCUS project, the Reference Gas Laboratory

(LGR) at the Portuguese Institute for Quality (IPQ) is collaborating
in the development of gas metrological capabilities. Specifically,
the laboratory is preparing Certified Reference Materials (CRMs)
to enable precise measurement of impurities in CO, with full
metrological traceability [1-5]. These materials are vital for
validating analytical methods and calibrating the instruments used
in carbon capture and storage processes.

The production of the mixtures is done according to a primary
method that is a highly accurate technique for preparing standard
gas mixtures. It involves accurately measuring the mass of each
gas component and combining them with well-defined ratios
to achieve the target amount fraction. Ensuring accuracy and
precision throughout the preparation process is essential, which
requires meticulous calibration of the equipment and careful
handling of the gases to minimize errors and ensure the reliability
of the resulting standards. This method enables metrological
traceability, which guarantees that measurements are consistent
and comparable over time and across different locations. Such
traceability is vital for maintaining accuracy in a wide range of
scientific and industrial applications [3-5].

To date, the LGR has prepared eight gas mixtures. These include
four bicomponent mixtures (two consisting of SO, in a CO,
matrix and two of H,S in a CO, matrix) and four multicomponent
mixtures (two containing SO,, CO, and O, in a CO, matrix, and
two with H.S, CO, CH,, and O, in a CO, matrix). These mixtures
were successfully characterized to measure four pollutant gases
and oxygen in a CO, matrix under high pressure, approximately
40 bar. The analysis of these gas mixtures employs analytical
techniques such as gas chromatography (GC), paramagnetic
sensor, non-dispersive infrared (NDIR), and non-dispersive
ultraviolet (NDUYV) spectroscopy.

The certification of these mixtures required an extensive stability
study. The stability of these mixtures was evaluated over one year
using statistical methods. The Normalized Error (En) function, as
specified by the ISO 13528 standard for statistical analysis, was
employed to ensure accuracy and reliability in the results [6].
This rigorous approach underscores the project's commitment to
providing industry and research sectors with robust and reliable
metrological solutions.

2. Production of Reference Gas Mixtures

The standard ISO 17034 ensures that the gas mixtures produced
are of high quality, reliable, and suitable for use in calibration
and analytical applications [7]. The production of reference gas
mixtures follows the requirements set out in this standard, which
defines the criteria for the development of Certified Reference
Materials (CRMs). The process includes comprehensive
documentation, strict quality control procedures, and adherence
to traceability principles aligned with the International System of
Units (SI) [7-9].

Producers are required to validate their preparation methods,
evaluate measurement uncertainties, and perform stability studies
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to confirm the long-term reliability of the mixtures. By complying
with ISO 17034, the CRMs produced are recognized as meeting
internationally accepted standards, supporting consistency and
comparability in calibration, testing, and measurement processes
across different sectors and laboratories.

2.1. Preparation of Gas Mixtures

The process of preparation of gas mixtures involves the use of
gravimetric methods, which rely on the accurate weighing of each
component in accordance with ISO 6142-1 [10]. The procedure
begins with the careful selection of an appropriate gas cylinder,
which must be meticulously cleaned and evacuated to eliminate
any potential contaminants. This step is critical to ensure the
purity and integrity of the final mixture. The gravimetric approach
allows for high accuracy in determining the composition of
the mixture, contributing to its traceability and reliability as a
reference material. The cylinder is then filled with the desired
gas components, introduced sequentially, starting with the minor
components (trace gases) and finishing with the balance gas, often
nitrogen (N2) or carbon dioxide (COz).

The mixture is prepared by gravimetric addition of each component.
The mole fractions of the components in the final mixtures are
calculated using the following equation [10]:

Zﬁ ( Xi,AMA )
=1 Zn_ .M
e (1)
ZP— A

A‘l(z?:lxi,A'Mt>
Where: x, is the mole fraction of the component i in the final
mixture, i = 1,...., n; P is the total number of the parent gases; » is
the total number of the components in the final mixture; m  is the
mass of parent gas 4 determined by weighing, 4=1,...... , Py M is

the molar mass of the component i; x, , is the mole fraction of the
component i.

Each gas is added using a high-precision mass comparator balance
capable of measuring mass with a very low uncertainty. The mass
of each component is calculated, considering the buoyancy effect
of the surrounding air on the balance. Once all components are
added, the total composition of the mixture is determined from the
masses of the individual components and their respective molar
masses.

The method described in the relevant section of ISO 6142 standard
applies specifically to mixtures composed of gaseous or fully
vaporized components, which can be introduced into the cylinder
in either gaseous or liquid form. These mixtures may consist of
either two components (binary mixtures) or multiple components
(multicomponent mixtures).

The calculation of the associated uncertainty with the amount
fraction of each component involves evaluating contributions
from several key factors, namely the weighing of the source gases,
the purity of the source gases, and the molar masses. Once the

uncertainties related to these three categories have been assessed,
they are combined to determine the overall uncertainty associated
with the mole fraction, using the following expression:

ax; |2 ax; )2
u?(x;) = Xy (a;i) ‘uz(Mi)+ZZ=1 (B;A) -u?(my) +

20 () v @

where:

u(M) - uncertainty in molar mass
U(m ) - uncertainty in weighing
u(x,,) - uncertainty in purity analysis

To obtain the expanded uncertainty, the combined standard
uncertainty is multiplied by a coverage factor &, which, for a
t-distribution with v, (effective degrees of freedom), corresponds
to a coverage probability of approximately 95 %.

During the preparation of gas mixtures, aluminium cylinders with
a special internal coating are used to minimize the adsorption of
mixture components onto the inner walls, thereby preserving the
integrity and stability of the gas composition.

Following the selection of the cylinder, a rigorous cleaning
procedure is carried out to eliminate any potential residues that
could affect the composition and, consequently, the uncertainty of
the final gas mixture. This step is especially critical when preparing
mixtures with very low concentration levels.

Another essential stage in the filling process involves the transfer
of each component gas from its respective parent cylinder to the
target cylinder where the mixture is being prepared. The addition
of each gas is performed at a dedicated filling station, which is
equipped with electropolished tubing, high-purity valves, vacuum
and pressure gauges, and oil-free turbomolecular vacuum pumps
(Figure 1).

Figure 1: Filling Station

The precise mass of each gas component introduced into the
cylinder is determined using a mass comparator, with reference
to calibrated weights that are traceable to the national standard.
Traceability of gas measurements to the International System of
Units (SI) is ensured through the use of calibrated and verified
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instrumentation. By combining the results from the purity
certificates of the source gases with the data obtained from the
weighing process, the exact composition of the gas mixture can be
calculated, along with the associated uncertainties related to the
amount fractions of each component (Figure 2).

Figure 2: Mass Comparator Balance

After preparation, the mixture undergoes a homogenization
process (Figure 3), which typically involves rotating the cylinder
to ensure uniform distribution of gases within the cylinder.

ol

Figure 3: Rolling Cylinder System

2.2. Certification of Gas Mixtures

The prepared gas mixture is calibrated with others gas standards,
by a suitable analytical method, to confirm its composition and
validate the gravimetric calculations. The multi-point calibration
method [11, 12] involves measuring the response of an analytical
instrument against a series of calibration gas mixtures with
precisely known compositions, known as reference standards,
according to the international standard ISO 6143 [11]. The purpose
is to create a dependable correlation between the instrument’s
signal and the concentrations of the target gases in the sample.
This ensures accurate, consistent, and traceable measurements
during gas analysis.

The process begins by selecting reference gas mixtures that cover
the range of concentrations expected in the sample. These reference
standards must be traceable to SI and prepared with high accuracy,
often using gravimetric methods according to ISO 6142-1 [10].
The instrument response to each reference mixture is recorded,
typically using signals such as peak areas or voltages, depending
on the type of analyzer is used. The specific analytical methods
used were GC, paramagnetic sensor, NDIR, and NDUV.

A mathematical model, such as a linear or polynomial regression,

is then applied to describe the relationship between the instrument
response and the concentration of the analyte. ISO 6143 [11, 12]
emphasizes the evaluation of uncertainties for both the reference
mixtures and the instrument response, ensuring the calibration
curve is accurate and reliable.

Finally, the established calibration curve is used to determine
the composition of unknown gas mixtures by measuring their
instrument response and interpolating within the range of the
calibration standards.

The certification process is carried out using an automated
multichannel sampling system, to which all the cylinders scheduled
for analysis are connected (Figure 4).

Figure 4: Certification of Gas Mixtures Facility

During the analysis, the system automatically selects each
cylinder, allowing the individual flow of gas through the analyzer.
The entire sampling and measurement process is managed by the
custom-developed IPQAnaliseQui software, which controls the
system operation and records all measurement data obtained by
the analyzer. All collected data, including standard and sample
analysis records, are subsequently compiled into a spreadsheet.
The final results are corrected using zero readings and pressure
data.

The determination of the calibration function is performed using
XGENLINE, a software tool developed by the National Physical
Laboratory (NPL). This software identifies the most appropriate
low-degree polynomial calibration function (first-, second-, third-,
or fourth-order) for a given set of measurement data (X, Y), taking
into account the associated uncertainties. In this case, XGENLINE
identified a first-order polynomial as the most suitable calibration
function for each calibration performed.

The resulting calibration function is then used to calculate the
estimated amount fraction values of the analyzed samples, along
with their associated uncertainties. XGENLINE, which complies
with the ISO 6143 standard, handles the propagation of uncertainty
and provides a standard uncertainty value for each analytical result.

The final results are presented together with their respective
uncertainties in accordance with the Guide to the Expression of
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Uncertainty in Measurement [13].

Traceable gas mixtures are widely used for applications requiring
high precision such as equipment calibration, environmental
monitoring, and industrial quality control.

The quality control of these measurements is enhanced through
active participation in projects and international comparisons
[14-19]. Furthermore, recognition and inclusion in the Bureau
International des Poids et Measures (BIPM) database of
Calibration and Measurement Capabilities (CMC) strengthens the
commitment to quality [9].

3. Stability Study

Gas mixtures are often used in calibration and analytical processes
where accuracy is critical. The stability study of the eight bi-
component and multi-component gas mixtures conducted over
approximately one year were essential to ensure the accuracy
and reliability of these reference materials over time. A one-year
study allows for the assessment of potential chemical interactions,
adsorption effects, or decomposition within the cylinders. This
helps determine shelf-life, proper storage conditions, and suitability
for long-term use. Stability data supports the certification of gas
standards, ensuring traceability to international references. It also
minimizes measurement uncertainty in critical applications such
as environmental monitoring, industrial safety, and laboratory
analysis. Detecting any instability early avoids risks in operational
settings. Overall, the study confirms the integrity and usability of
the mixtures throughout their intended lifespan.

The analyzed parameters included HzS, CO, Oz, CHs, and SO: in a
CO:2 matrix. This research aimed to assess the chemical interactions
and long-term stability of these gas combinations. Understanding
their behavior is crucial for industrial applications, storage, and
transportation safety.

This study was conducted using Primary Reference Material
(PRM) of several multicomponent mixtures (Table 1, Table 2,
Table 3, Table 4, Table 5). All these reference gas mixtures were
prepared in carbon dioxide matrix. The calibration curves were
done using primary standards in nitrogen matrix. With these
primary standards we can have traceability to the standards of
these impurities in CO,. In this case, the matrix will not influence
the analysis because the analyzers in question do not detect CO,
just as they do not detect nitrogen. Each of them detects only the
respective gas.

The purpose is to determine the shelf life of this type of mixtures,
that is, the actual period during which a mixture can be considered
stable concerning its original metrological specifications.

The study was conducted according to ISO 13528 standard [6],
which provides various statistical evaluation methods that can
be used in specific tests or measurements and for monitoring the
ongoing performance of laboratories. In this context, it will be

used to compare two concentrations: the concentration resulting
from the initial certification and the concentration obtained in
subsequent certifications according to the international standard
ISO 6143 [11], over the lifetime of the standard.

In this study, we used the normalized error (E) statistical tool
that is typically applied in comparison of measurement systems,
calculated according to the following equation:

Xcer1 ~ Xcern
2 2
JUcer1” + Ucern

Where x,,,, is the concentration value from the first certification
and x, is the concentration value resulting from the n”
certification. U, , represents the uncertainty associated with x, ,
while U, is the expanded uncertainty associated with x,,, . With
this statistical tool, the results are considered satisfactory if [E | <1
and unsatisfactory if |[E | > 1.

E, = )

4. Results

The objective of this preparation was to enable a comprehensive
characterization of these gas mixtures, supporting their use as
accurate reference materials in analytical applications. Four binary
gas mixtures, classified as Primary Reference Materials (PRM),
were meticulously prepared for analysis. Among them, two were
binary combinations of hydrogen sulfide (H-S) in a carbon dioxide
(CO2) matrix, designated as PRM108595 and PRM108596.
Additionally, two mixtures of sulfur dioxide (SO2) in CO: were
prepared, identified as PRM408326 and PRM108593. Each of these
four mixtures was stored in individual cylinders, maintained at an
approximate pressure of 40 bar, allowing for proper containment
and stability during the study [20].

Furthermore, four multicomponent mixtures were prepared in a
CO, matrix, PRM608395 and PRM308978 with the impurities
S0O,, CO and O,; and two, PRM202557 and PRM302530, with the
impurities H,S, CO, O,, and CH,. These mixtures were contained
within four cylinders at an approximate pressure of 40 bar each.
No stability study was conducted on PRM308978 because this
cylinder was sent for analysis to one of the participants of the
MetCCUS project.

Each of these multicomponent mixtures was stored in individual
cylinders, also at approximately 40 bar. Nevertheless, it is
important to note that no stability study was carried out for
PRM308978, as this specific cylinder was sent to a participant
laboratory, Research Institutes of Sweden (RISE) from Sweden,
involved in the MetCCUS project for immediate analysis in March
2024. The remaining seven gas mixtures were retained for long-
term monitoring and characterization. However, two of them,
PRM408326 and PRM202557, were requested for analysis by
two participants of the project, Technical University of Denmark
(DTU) and Danish National Metrology Institute (DFM) from
Denmark, in March 2025.
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PRM10859 |H,S/CO,

Date X pmol/mol U ymotimol E,
2023-09-11 |9,64 0,47 -
2024-04-23 10,22 0,42 0,92
2024-11-08 |10,02 0,34 0,66
PRM10859 |H,S/CO,

Date X mol/mol U ymot/mol E,
2023-09-11 |9,97 0,48 -
2024-04-23 9,87 0,35 -0,17
2024-11-08 (9,61 0,29 -0,64

Table 1: Results of the Stability Study for the Prepared Binary Mixtures of H,S/CO,

PRM408326 |SO,/CO,

Date X yumol/mol U ymoimot E,
2023-09-04 |19,52 0,51 -
2024-04-18 |20,16 0,57 0,84
2024-11-18 19,9 1,1 0,31
PRM108593 |SO,/CO,

Date X umol/mol U ymotmol E,
2023-09-04 |20,71 0,50 -
2024-04-18 20,71 0,58 0,00
2024-11-18 20,5 1,0 -0,19

Table 2: Results of the Stability Study for the Prepared Binary Mixtures of SO,/CO,

PRM60839 |SO,+CO+0,/ CO,
SO,
Date X pmol/mol U imovmol E,
2024-04-18 |14,24 0,77 -
2024-11-18 |14,1 1,3 -0,09
(6{0]
Date X pmol/mol U imovmol E,
2024-04-17 |660,7 1,6 -
2024-11-22 [653,5 1,6 -3,2
0,
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Date X cmol/mol U cmol/mol En
2024-04-16 |0,568 0,048 -
2025-01-23 (0,572 0,017 0,08

Table 3: Results of the Stability Study for the Prepared Multicomponent Mixture of SO,+ CO + 0O,/ CO,

PRM20255 | H,S+CO+0,+CH, / CO,
H,S
Date X pmol/mol U ymotimol E,
2023-09-20 | 9,83 0,48 -
2024-04-23 | 9,73 0,33 -0,17
2024-11-08 | 9,61 0,28 -0,40
CO
Date X pmol/mol U ymot/mol E,
2023-09-15 | 669,5 2,7 -
2024-04-17 | 662,3 1,6 -2,3
2024-11-22 | 654,4 1,6 -4,8
0;
Date X cmol/mol U cmovmol E,
2023-09-15 | 0,586 0,027 -
2024-04-16 | 0,582 0,048 -0,07
2025-01-23 | 0,586 0,017 0,00
CH,
Date X emol/mol U cmotmol E,
2023-09-14 | 1,9685 0,0060 -
2024-04-17 | 1,9686 0,0061 0,01
2024-11-28 | 1,9706 0,0062 0,24

Table 4: Results of the Stability Study for the Prepared Multicomponent Mixture of H,S +CO+0O,+CH, / CO,

PRM30253 | H,S+CO+0,+CH, / CO,
H,S
Date X umol/mol U ymot/mol E,
2023-12-04 | 9,92 0,40 -
2024-04-23 | 9,60 0,36 -0,59
2024-11-08 | 9,16 0,33 -1,5
CO
Date X pmol/mol U ymov/mol E,
2023-12-14 | 677,0 1,8 -
2024-04-17 | 674,3 1,5 -1,1
2024-11-22 | 666,5 1,6 -4.3
0;
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U cmol/mol E n

0,051 -
0,058 -0,14
0,017 -0,32

U cmol/mol E n

Date X cmol/mol
2023-12-18 | 0,602
2024-04-16 | 0,591
2025-01-23 | 0,585
CH,

Date X emol/mol
2023-12-05 | 1,915
2024-04-17 | 1,9270
2024-11-28 | 1,9284

0,015 -
0,0059 0,74
0,0060 0,83

Table 5: Results of the Stability Study for the Prepared Multicomponent Mixture of H,S +CO+0,+CH, / CO,

5. Summary

As part of the MetCCUS project, LGR plays a key role in the
preparation of Certified Reference Materials (CRM) designed
to support stability studies of CO:-based gas mixtures with full
metrological traceability. This work supports the calibration
and validation of analytical instruments used in carbon capture
processes, ensuring accurate and reliable measurements. By
developing traceable and stable reference mixtures, LGR helps
enhance the quality and comparability of data across laboratories
and monitoring systems involved in CO: capture, transport, and
storage.

In conclusion, IPQ has demonstrated its ability to prepare and
certify reference materials (CRM) for measuring impurities of H,S,
S0O,, CO, O, and CH, in CO,, within the requested concentration
with metrological traceability. The uncertainties obtained were as
expected.

The stability study has confirmed that, except for CO, all
components remain stable for about one year within the associated
uncertainties. To further refine our understanding, a longer study
will be conducted to determine the stability period of each type of
mixture.

This work is being carried out in collaboration with project
partners, involving a joint study in which some of the prepared
multicomponent mixtures were sent to participating laboratories
(RISE, DTU, DFM) for analysis. The results obtained by the
different laboratories will be compared to assess consistency and
reliability on measurement. Based on this comparative analysis,
conclusions will be drawn regarding the performance and stability
of the mixtures, and the findings will be published as part of the
project's outcomes.

Looking ahead, this research may be extended to mixtures
containing additional components. Additionally, to enhance
the scope of the project, these mixtures will be analyzed using
alternative analytical methods to gather more data for further
characterization of the mixtures.

These standard multicomponent gas mixtures are essential tools

for calibrating the analyzers used to measure the purity of carbon
dioxide throughout the entire carbon capture and storage (CCS)
process. This includes the stages of CO: capture, compression,
transport, and final storage, as well as its application in industrial
processes. Accurate monitoring of CO: purity is critical to ensure
the safety, efficiency, and compliance of CCS operations with
environmental and technical standards.

The use of these reference mixtures allows for more reliable
and comparable measurements across different laboratories and
facilities. By providing metrological traceability, they help reduce
uncertainties and improve the overall quality of the analytical
results. Furthermore, the implementation of such standards supports
harmonization at the international level, promoting confidence
in data reporting and regulatory verification. Ultimately, these
mixtures contribute to the advancement of carbon management
technologies and to the effectiveness of climate mitigation
strategies.
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Keywords: Background: Improvement in radiation protection practice may be achieved by acquisition of reliable and ac-
Active area dosimeters curate dosimetry data. Use of dosimeters with known properties provides insight into their performance in real

Active personal dosimeters
Dosimeter performance
Individual monitoring
Workplace monitoring

radiation fields encountered in radiation monitoring practice.

Aim: Performance evaluation in a wide range of radiation conditions provides insight into dosimeter behaviour,
providing input for revision, update and harmonization of IEC type testing standards.

Methods: A total of 32 active dosimeters were investigated, of which 26 are used for area workplace, and 6 for
individual monitoring. Dosimeter performance was evaluated against the IEC 60846-1:2009 standard for
portable workplace and environmental meters and monitors and the IEC 61526:2024 standard for active personal
dosimeters in a wide range of photon energies, angles of incidence and dose equivalent rates. Performance was
examined beyond the minimum rated range: 33.3 keV-1.25 MeV photon energy; (0°; +75°) angle of incidence
for personal dosimeters and (0°; +120° with 180°) for area dosimeters; 3 uSv h 1_7svh !dose rate range. In
addition, dosimeter short-term stability and overload properties were investigated.

Results: State-of-the-art and commonly used dosimeters complied with the standard defined limits of variation
with respect to the manufacturer stated specifications. Some dosimeters had significantly lower variations in
terms of relative response than the current standard stated requirements.

Conclusion: Potential update of the relevant IEC type testing standards was considered, with the possibility of
introducing two distinct dosimeter classes, one of which would comply with reduced limits of variation.

* Corresponding author. Department of Radiation and Environmental Protection, Vinca Institute of Nuclear Sciences, National Institute of the Republic of Serbia,
University of Belgrade, P.O. Box 522, 11000, Belgrade, Serbia.
E-mail address: jelena.vlahovic@vin.bg.ac.rs (J. Vlahovié).

https://doi.org/10.1016/j.jrras.2026.102159

Received 30 October 2025; Received in revised form 30 December 2025; Accepted 1 January 2026

Available online 7 January 2026

1687-8507/© 2026 The Authors. Published by Elsevier B.V. on behalf of The Egyptian Society of Radiation Sciences and Applications. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



J. Vlahovi¢ et al.

1. Introduction

Radiation protection of exposed workers and the general public is
regulated by various national acts, decrees and additional regulations
with respect to the established exposure limits which are internationally
recognized. In practice, this is achieved through individual and area
monitoring programs (IAEA, 2018; Vanhavere & Van Hoey, 2022). Ac-
curate and reliable dosimetry data can be acquired by using dosimeters
which comply with relevant international standards (Calvacante et al.,
2025; Yasar et al., 2017).

According to European regulations (Euratom, 2013), individual
monitoring is mandatory for category A radiation workers, whereas
individual monitoring is optional in the case of category B radiation
workers. However, sufficient measurements need to be performed to
adequately classify exposed workers. Monitoring is realized either
through individual monitoring of exposed workers or through work-
place area monitoring. In most countries, legal dosimetry data is ob-
tained by passive dosimetry systems for both area and individual
monitoring applications, which are commonly based on thermolumi-
nescent dosimeters (TLDs) or optically stimulated luminescence do-
simeters (OSLDs) (Stankovi¢ Petrovi¢ et al., 2021; Vanhavere & Van
Hoey, 2022). Some countries require the use of active personal dosim-
eters (abbreviated as PDs) in addition to passive ones, in certain expo-
sure scenarios, where the dose rate is sufficiently high, surpassing the
established national threshold (Abuelhia & Alghamdi, 2020; Ciraj-Bjelac
et al., 2018; O'Connor et al., 2021; Ramadhan et al., 2024).

PDs are usually based on semiconductor Si-diode detectors or Geiger-
Miiller (G-M) detectors. Their main advantage is the possibility of real-
time dose indication, accompanied with audio and/or visual signal if a
certain threshold is surpassed, as well as the measurement of doses
below the detection limit of most passive dosimeters (Paveli¢ et al.,
2019). Existing research has highlighted that PDs exhibit unreliable
performance in low-energy and/or pulsed radiation fields (Ankerhold
et al., 2009; Cui et al., 2024; Hupe et al., 2019; Krzanovi¢ et al., 2017; Li
et al.,, 2025; Yasar et al., 2017). These irradiation conditions are
encountered in medical applications of X-rays, particularly in inter-
ventional radiology procedures. Taking these findings into consider-
ation, further testing under such conditions would provide more insight
into the state-of-the-art dosimeter performance, optimizing the radia-
tion protection of exposed workers.

Area monitoring can be categorized into workplace monitoring,
which is used for evaluation of the effective doses to exposed workers,
and environmental monitoring, essential for monitoring of background
radiation and possible variations due to the release of artificial man-
made radiation sources in the environment. Active area dosimeters
(abbreviated as ADs) commonly utilize detectors based on G-M tubes.
Additionally, semiconductor detectors, pressurized ionization chambers
and scintillation detectors are often encountered in workplace moni-
toring practice (Alomairy, 2023; Paveli¢ et al., 2019). Workplace
monitoring covers a wide range of applications and photon energies,
spanning from low-energy medical applications to high-energy nuclear
technology applications. Besides focusing on different workplace
monitoring exposure scenarios, the relevant type testing standards also
pertain to installed/mounted equipment and portable monitoring de-
vices. Previously conducted research evaluated the performance of
several commonly used ADs for workplace monitoring, showcasing
strong energy dependence at low photon energies for some of the G-M
tube-based devices, highlighting their inadequate energy compensation
(Cekli¢ et al., 2014). In the case of environmental area monitoring G-M
tubes are commonly used in non-governmental radiation monitoring
networks, including detectors with different geometries and volumes,

Journal of Radiation Research and Applied Sciences 19 (2026) 102159

measurement ranges, sensitivity, and different radiation-based charac-
teristics. Even though these devices may comply with the relevant
standard in the minimum rated range, they displayed significant over-
response when exposed to low-energy radiation fields (Morosh et al.,
2021).

There are several IEC standards which provide requirements for
different types or uses of radiation protection dosimeters, such as IEC
60846-1:2009 (IEC, 2009) for workplace area dosimeters and IEC
61526:2024 (IEC, 2024) for personal dosimeters. This research is part of
a larger effort to propose updates and harmonization of IEC standards
for type testing of radiation protection dosimeters, initiated already in
the 17RPT01 DOSEtrace project (Krzanovic et al., 2022). The effort of
IEC standard update and harmonization is pursued by 22NRMO07
GuideRadPROS project (GuideRadPROS, 2025) and European
Metrology Network for radiation protection (Alves et al., 2024). Data
necessary for the update of standards include overview of the existing
standards, collection of existing calibration and type testing data, data
on dosimeter use, overview of the current state-of-the-art and upcoming
technologies.

In order to test the dosimeter performance against the IEC re-
quirements, 32 active dosimeters have been examined in this work. A
measurement protocol was derived and implemented in the Secondary
Standard Dosimetry Laboratories (SSDL) participating in the project.
The protocol was drafted to collect missing data on dosimeter perfor-
mance, following the survey of existing papers on dosimeter testing
(Krzanovi¢ et al., 2019; Morosh et al., 2021; Cekli¢ et al., 2014; Daleti¢
et al., 2025) and the historical calibration data of the 22NRMO07
GuideRadPROS participants. Performance of ADs and PDs was evaluated
against the requirements defined in IEC 60846-1:2009 (IEC, 2009) and
IEC 61526:2024 (IEC, 2024) standards, respectively.

Following the IEC type testing methodology, the influence quantity
minimum rated ranges, as well as the performance requirements in
terms of variation in dosimeter response, this research aimed to inves-
tigate the performance of selected active radiation protection dosimeters
in an expanded test range covering various ionizing radiation practices.
Testing beyond manufacturer stated ranges would provide the knowl-
edge on their usability in specific scenarios (such as low-energy radia-
tion fields characteristic for diagnostic and interventional radiology
applications, or the use of area workplace dosimeters for environmental
monitoring applications). Additionally, performance characteristics
could provide input in future revisions of the IEC standards by re-
evaluation of the current performance requirements, the influence
quantity test ranges and/or by exploring the prospect of introducing two
distinct dosimeter classes.

2. Materials and Methods
2.1. Secondary Standard Dosimetry Laboratories

Several SSDLs participated in the data collection using the developed
measurement protocol presented below in section 2.4. The SSDLs which
took part in this study include the Vinca Institute of Nuclear Sciences
(VINS), the Turkish Energy, Nuclear and Mineral Research Agency
(TENMAK), Czech Metrology Institute (CMI), Institute Ruder Boskovié¢
(IRB), Greek Atomic Energy Commission (EEAE), National Institute of
Metrology (INM) and the Belgian Nuclear Research Centre (SCK CEN).
All SSDLs have established Quality Management Systems according to
ISO/IEC 17025:2017 (ISO/IEC, 2017) and have their calibration and
measurement capabilities published in the key comparison database of
BIPM (BIPM, 2025).

All of the SSDLs have established traceability to the primary standards
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in terms of air kerma, while the secondary standard reference values are
determined either in terms of the operational dosimetry quantity directly
(i.e., by employing the secondary standard for Hp(10) or H*(10)), or in
terms of air kerma, where conversion coefficients from air kerma to the
operational dosimetry quantity are used to determine the reference value
of the operational quantity. These conversion coefficients depend on the
photon energy and angle of incidence (ISO, 2019c).

All the SSDLs employ reference radiation fields which are established
according to the requirements of ISO 4037-1:2019, including
radionuclide-based radiation fields (Cs-137 and Co-60, abbreviated as S-
Cs and S-Co) and N-series radiation qualities (narrow-spectrum X-ray
radiation fields) (ISO, 2019a). Dosimeter testing was performed using
either the substitution method, the known radiation field method or the
substitution method with the use of the monitoring ionization chamber
(TAEA, 2000). A schematic of the setup is presented in Fig. 1.

2.2. Active radiation protection dosimeters

The investigated dosimeters were selected to collect additional data
needed for the update of the relevant IEC standards (IEC, 2009; IEC,
2024). The dosimeters are commercially available models, including
both new models, which reflect the current state-of-the-art, as well as
older models which are still in use. In this research the performance of
26 ADs and 6 PDs was evaluated. The manufacturer specifications of ADs
and PDs are listed in Tables 1 and 2, respectively.

Most ADs utilize detectors based on G-M tubes, whereas a small
portion uses a high-pressure ionization chamber, organic/plastic scin-
tillator or a semiconductor detector. Additionally, most dosimeters, as
stated by the manufacturers, are suitable for measurement of low-dose
rates starting from the background radiation level (e.g., 10 nSv h™1),
and cover a broad energy range (Table 1).

Evaluated PDs utilize G-M tube-based detectors, except for one
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semiconductor-based dosimeter. They operate in a wide range of dose
rates, up to 3 Sv h™!, in a broad energy range, with mean photon en-
ergies going from 10 keV to 20 MeV (Table 2).

2.3. Dosimeter response and influence quantities

Influence quantities are defined as quantities which are not the
subject of the measurement, but can affect the measurement result. The
effects of these quantities are evaluated during specialized performance
tests within the rated ranges of the influence quantities for which the
dosimeter is designed to be used. The influence quantities can have a
multiplicative or additive effect on the measurand, and they are cate-
gorized as type F and type S, respectively. The IEC standards define the
minimum rated ranges for the influence quantities for which the
dosimeter performance should be in line with the standard re-
quirements, usually defined as limits of variation in terms of relative
response (type F) or deviation (type S). The most important radiation-
based influence quantities (photon energy, angle of incidence and
non-linearity) are classified as type F influence quantities (IEC, 2009;
IEC, 2024).

The response of an active dosimeter, R, is defined as the quotient of
the measured value and the reference (conventional true) value of the
operational dosimetry quantity, obtained with a reference class standard
instrument:

R=p ¢

where M is the mean measured value, and H, is the reference value
under specific irradiation conditions.
Relative response, r, is defined as the dosimeter response normalized

to the dosimeter (reference) response, which is determined under
reference conditions:
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Fig. 1. Schematic representation of the experimental setup. (left): XRT - X-ray tube; K1, K2 and K3 - apertures; F1 and F2 - additional filtration; M - monitor
ionization chamber; d - source-to-detector distance; P — ISO slab phantom (used with PDs); S — positioning support (low Z material); D — AD; Dp — PD. (right):

Dosimeter orientation and rotation for the angular dependence test.
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Table 1
Manufacturer specifications of tested ADs in terms of detector type, dose rate and photon energy measurement range.
Manufacturer and Model Detector type Dose rate measurement range Photon energy range AD No. (DL) Symbol
Min [pSv h™'] Max [mSv h™'] Min [keV] Max [MeV]
Atomtex AT6130 G-M tube 0.1 10 20 3 AD1 [ )
Atomtex AT1123 Plastic scintillator 0.05 10 000 15 10 AD2 .
AD3
L]
Automess 6150 AD3 G-M tube 1 1000 45 3 AD4
ADS5
A
Automess 6150 AD6/H G-M tube 0.1 10 60 1.3 AD6 A
Canberra Radiagem 2000 G-M tube 0.3 100 40 1.5 AD7 *
AD8
AD9
AD10
AD11
*
*
*
Fluke 451P High Pressure Ionization chamber 0 50 25 1.25 AD12 | |
Ludlum 9DP High Pressure Ionization chamber 0 50 60 1.25 AD13 v
Polimaster PM1401K-3P CsI(TD), 0.1 100 15 15 AD14 | 2
G-M tube
Raysafe 452 G-M tube 0 0.02 20 1 AD15 <
Si — diode 20 1000 20 5 AD16
AD17
<
Mirion RDS-30 G-M tube 0.01 100 48 3 AD18
Mirion RDS-200 G-M tube 0.01 10 000 50 3 AD19 *
Thermo Fisher RadEye B20 ER G-M tube 0.2 100 17 3 AD20 *
AD21
Thermo Fisher FH40G-L10 Proportional counter 0.01 100 30 4.4 AD22 ]
AD23
AD24
L]
[ ]

(continued on next page)
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Table 1 (continued)
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Manufacturer and Model Detector type Dose rate measurement range Photon energy range AD No. (DL) Symbol
Min [pSv h™'] Max [mSv h™'] Min [keV] Max [MeV]
VINS DMRZ-M15 G-M tube 0.1 1 59 1.3 AD25 1]
AD26
L]
. R @ outside their respective manufacturer-stated specifications. Data
" Ro collection in standardized reference conditions can provide insight into

Reference conditions are defined by the type testing standards for
each of the influence quantities (IEC, 2009; IEC, 2024). During the
performance tests all the influence quantities which are not the subject
of a certain test should be within their respective reference conditions.

The multiplicative correction factors, which are derived from the
beforementioned radiation-based influence quantity tests, can be
directly used to correct the indicated value and obtain the measured
value with reduced measurement uncertainty. The measured value can
be represented with the following model equation:

M:NH'I;I 3)

where M represents the corrected measured value, I the indicated value,
Ny the calibration coefficient (derived under reference or standard test
conditions), while D; and r; represent the additive (type S) and multi-
plicative (type F) corrections, respectively (IEC, 2009; IEC, 2024).

2.4. Measurement protocol

Based on dosimeter manufacturer specifications, analysis of histori-
cal calibration data and the previous research on radiation protection
dosimeter performance and applications, the measurement protocol was
developed to test the effects of radiation-based influence quantities. The
focus of the protocol was on dosimeter response energy dependence,
angular dependence and non-linearity, as well as overload and stability.
The protocol was designed in a way to collect data in a wide range of
influence quantity values, in order to assess dosimeter performance even

their performance in real workplace poly-energetic and multidirectional
radiation fields. The dosimeter performance was evaluated against the
limits of variation defined in the respective IEC standards for testing of
ADs and PDs (IEC, 2009; IEC, 2024).

2.4.1. Variation in dosimeter response due to photon energy

Photon energy is one of the most important radiation-based influence
quantities, and variation in dosimeter response due to its effect could
produce unreliable and erroneous data. The performance of ADs and PDs
was investigated in a wider energy range than the minimum rated range
stated in relevant standards (IEC, 2009; IEC, 2024), as well as the
manufacturer stated measurement range. The minimum rated range
stated by the standards (IEC, 2009; IEC, 2024), for both operational
quantities (H*(10) and H,(10)), covers mean photon energies from 80
keV to 1.25 MeV, which corresponds to general industrial applications of
ionizing radiation. The expanded photon energy range used in this test
covered mean photon energies from 33.3 keV to 1.25 MeV, including
low-energy applications such as diagnostic radiology modalities and
Am-241 photon radiation field. X-ray Narrow spectrum radiation qual-
ities (N-series), from N-40 up to N-200, and radionuclide radiation fields
Cs-137 and Co-60, termed as S-Cs and S-Co, respectively, were used
(ISO, 2019a). The dose rate was kept constant during all irradiations in
the energy dependence test. Both AD and PD type testing standards state
the limits of variation from —29 % to +67 %, defined for the minimum
rated range. The dosimeter relative energy response curve was deter-
mined by normalizing the response value at a specific photon energy to
the response value obtained for S-Cs (IEC, 2009; IEC, 2024).

2.4.2. Variation in dosimeter response due to angle of incidence
High angles of incidence accompanied with low photon energies can
have a great effect on the dosimeter response (Krzanovic et al., 2017;

Table 2
Manufacturer specifications of tested PDs in terms of detector type, dose rate and photon energy measurement range.
Manufacturer and Model Detector type Dose rate measurement range Photon energy range PD No. (DL) Symbol
Min [pSv h™1] Max [Sv h1] Min [keV] Max [MeV]
Graetz GPD150G G-M tube 0.1 1 55 1.3 PD1 [ ]
PD2
L]
Mirion Rad-60S Si — diode 5 3 60 6 PD3 A
PD4
A
Polimaster RadFlash G-M tube 0.1 1 15 1.5 PD5 *
Polimaster PM1621A G-M tube 0.1 1 10 20 PD6 m
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Cekli¢ et al., 2014). Dosimeter angular dependence was evaluated for
the three lowest energy radiation qualities for which the energy
dependence of the response was in line with the IEC standards (IEC,
2009; IEC, 2024) and for the S-Cs radiation quality. The dose rate was
kept constant within the standard test conditions defined by the
respective standards. This test was done in both vertical and horizontal
dosimeter orientations. The angular dependence test was conducted in a
broader range of angles, than the minimum rated range stated by the
standards (IEC, 2009; IEC, 2024). In the case of ADs, the minimum rated
range stated by the standard covers angles of incidence from 0° to +45°
from the reference direction. This range is defined with respect to the
area workplace monitors. For area dosimeters, the following angles were
used, 0°, £45°, £60°, +£90°, £120°, and 180°. In this way, the potential
of area dosimeters to be used in conditions specific for environmental
monitoring was explored. In the case of PDs, the minimum rated range
covers angles of incidence from 0° to +60°. For personal dosimeters the
angular dependence test was performed in both directions of rotation for
the angles 0°, £30°, +45°, +60°, and +75°. Relative response for a
specific energy and angle of incidence was determined by normalizing
the specific response value to the response obtained at S-Cs and 0°.
Limits of variation for the energy and angular dependence test are set
from —29 % to +67 % in both standards (IEC, 2009; IEC, 2024).

2.4.3. Variation in dosimeter response due to dose rate — non-linearity

Based on the ionizing radiation practice, the range of encountered
dose (rate) values can significantly differ. Due to dead-time effects
which can occur at high dose rate rates (respective to the tested
dosimeter measurement range), and the low-dose rate effects related to
dosimeter resolution and detection limits, it is important to test the non-
linearity of the dosimeter response. This test was performed over the
dosimeter measurement range based on the manufacturer specifications
at least at two dose rate values per order of magnitude. The test was
conducted in S-Cs and S-Co reference radiation fields. In the cases when
S-Co was used for the non-linearity test, type F correction factor was
introduced to account for the energy dependence of dosimeters, relative
to S-Cs. In the case of ADs, dosimeter performance was evaluated in the
dose rate range from 3 pSv h ~! to 7 Sv h ~, whereas in the case of PDs
the dose rate range spanned from 3 pSv h ! to 2 Sv h ~. The IEC
60846-1:2009 (IEC, 2009) sets the limits of variation for this test from
—15 % to +22 %, whereas the IEC 61526:2024 (IEC, 2024) sets the
limits of variation from —13 % to +18 %.

2.4.4. Stability and overload

The stability test was performed for five consecutive days in order to
evaluate the reproducibility and consistency of measurements under
constant irradiation conditions. All measurements were performed uti-
lizing the same radiation source (S-Cs), dose-rate of.

100 pSv h™1, source to detector distance and dosimeter positioning.
Cs-137 decay during this period was negligible. The stability test was
performed for 20 ADs and 2 PDs, due to time constraints and the
availability of tested units. Dosimeter behaviour in the overload con-
ditions was investigated by irradiating the dosimeter with a dose rate
which is at least ten times above the upper limit of the measurement
range, if such a dose rate was attainable in the SSDL. Following this
exposure, measurements under reference conditions (100 pSv h™! at S-
Cs) were performed, and the post-overload dosimeter response was
recorded. The dosimeter overload test was performed for 12 ADs.

2.4.5. Interpretation of the results and decision rules
Both standards (IEC, 2009; IEC, 2024) state that the limits of varia-
tion for each test should be enlarged by the measurement uncertainty of
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the conventional quantity value. Due to different measurement un-
certainties reported by different laboratories and for different quantity
values, graphic representations of the limits of variation in the figures all
use the limits with zero uncertainty. Measurement uncertainties for the
calibration of radiation protection dosimeters in terms of operational
dosimetry quantities are similar for all SSDLs (e.g., 4.5-4.8 %, k = 2).
The largest contributions to the overall measurement uncertainty are
attributed to the calibration coefficient of the secondary standard, the
secondary standard stability, and the conversion coefficient from air
kerma to the operational dosimetry quantity. According to the ISO
4037-3:2019 (ISO, 2019c) standard, the conversion coefficient mea-
surement uncertainty for matched reference fields is estimated as 2.0 %
(k = 1). In the case of characterized reference fields, the conversion
coefficient measurement uncertainties are estimated either by using
dosimetry or spectrometry methods defined in the ISO 4037-2:2019
(ISO, 2019b). Detailed uncertainty budgets can be found in Zivanovi¢
et al. (2023).

Results on dosimeter performance for each test were obtained
through multiple measurements. Measurement uncertainty (with k = 2)
is added to the data points, and, for data points outside the limits, a
result is considered acceptable if any part of the uncertainty bar crosses
the limit. Correlations in measurement uncertainty are not considered in
this work, because of the quantity of measured data and many different
laboratories using different equipment and procedures, causing slightly
larger limits of variation in some cases. However, this is not considered
important for the purpose of this paper, because fail/pass status of single
dosimeters is not of special interest, but instead the general state-of-the-
art and the possibility to update the standards. Also, differences in
practices between laboratories may point toward further needs to
improve the type testing protocols.

3. Results and Discussion

The results of AD and PD relative response to the radiation-based
influence quantities are presented in Figs. 2-9 and Figs. A1-A7. In
Figs. 2 and 3 the energy dependence of ADs and PDs is displayed,
respectively. Figs. 4 and 5 show the angular dependence of ADs in N-40
and N-100 radiation qualities, respectively. Figs. 6 and 7 display the
angular dependence of PDs in radiation qualities N-40 and N-60, and N-
100 and N-120, respectively. Figs. 8 and 9 present the non-linearity
response of ADs and PDs, respectively. Figs. A1 — A7 are provided in
Appendix A, with additional information on performance of tested do-
simeters. Data points outside the dosimeter manufacturer specified
range are represented as hollowed out symbols.

3.1. Variation in dosimeter response due to photon energy

For the most part, the performance of ADs is in line with the standard
defined limits of variation for this test (—29 %, +67 %), for the minimum
rated range from 80 keV to 1.5 MeV mean photon energies (IEC, 2009).
As previously mentioned, the dosimeters were tested in a broader range
of photon energies, going down to N-40 (mean photon energy 33.3 keV).
In case of some dosimeters, such as AD18, AD19, AD25 and AD26, a
more pronounced energy dependence in the range of lower photon en-
ergies was observed. This under response was observed for the N-40 and
N-60 radiation qualities, which are outside of the manufacturer-stated
photon energy range. On the other hand, dosimeters AD4 and AD5
showcased a steady under response throughout the entire tested energy
range in X-ray fields. This could possibly be attributed to the fact that
Automess 6150 AD3 was designed to measure the predecessor of H*(10),
and is a discontinued model replaced with newer ones, such as Automess
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Fig. 2. Energy dependence of active area dosimeter (AD) response in the range from 33 keV (N-40) to 1.25 MeV (S-Co): a) AD1-AD6; b) AD7-AD13; c¢) AD14-AD19;
d) AD20-AD26. The limits of variation (—29 %; +67 %) in terms of relative energy response are displayed (IEC, 2009).

6150 AD6. Some end-users still request calibration for this dosimeter
model, which is why dosimeter verification, in addition to regular
calibration is important. Additionally, AD12 and AD24 showed a large
deviation from the reference response of —59.4 % and —48.4 %,
respectively, for the radiation quality N-40, even though that radiation
quality is within their manufacturer stated measurement range. The
noted under response could be associated with the age of the specific
device unit under test and could indicate degradation of its electronic
components or possible gas leakage, when it comes to Fluke 451P
(AD12), which is not uncommon for pressurized ionization chambers.
Most of the devices do not have a significant energy dependence at high
photon energies, e.g., making them suitable for environmental moni-
toring at nuclear facilities. The summarized response energy depen-
dence of ADs is presented in Fig. 2.

Based on the tested ADs it can be concluded that the dosimeters
exhibit performance in line with the area workplace type testing stan-
dard (IEC, 2009). The tested AD sample included mostly area workplace
monitors. It should be noted that in the case of environmental area
monitoring many ADs fail to comply with relevant IEC standards. This is
especially present in environmental monitoring activities done by lay-
men and in non-governmental networks, where low-cost devices are
utilized (Morosh et al., 2021). To adequately assess the performance of
ADs for environmental monitoring, the IEC standard related to area
workplace monitoring could additionally include specific tests and re-
quirements for area environmental monitoring. In terms of energy
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Fig. 3. Energy dependence of active personal dosimeter (PD) response in the
range from 33 keV (N-40) to 1.25 MeV (S-Co). The limits of variation (—29 %;
+67 %) in terms of relative energy response are displayed (IEC, 2024).

dependence, the IEC test methods could include the standard L-series
radiation qualities (ISO, 2019a), as an alternative to the N-series radi-
ation qualities, suitable for low-dose rate applications (Krzanovic et al.,
2022).
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When observing the tested PDs, it can be noted that exhibited per-
formance is mostly in line with the standard defined limits of variation
in the minimum rated range (IEC, 2024). PD1 showcased a significant
under response up until N-120, which is not in line with the manufac-
turer stated photon energy range. On the contrary, PD2 exhibited a
satisfactory energy dependence, in line with the manufacturer specifi-
cations. Considering that PD1 and PD2 are different units of the same
dosimeter model, they exhibit similar energy dependence trend at
low-photon energies. Therefore, dosimeter recalibration and/or adjust-
ment could be required. This observation can be used to emphasize the
importance of individual dosimeter unit verification in addition to the
type testing of the dosimeter model (which may be based on the
manufacturer selected sample from a given production series). In some
countries the legal requirements on radiation protection dosimeters are
fulfilled if singular dosimeter units used in practice are regularly cali-
brated, and/or if the dosimeter model is IEC type tested by designated
laboratories, while verification is not a very common requirement. For
PD2, PD3 and PD4, an under response can be observed for the radiation
qualities N-40 and N-60. These radiation qualities are outside the scope
of their respective photon energy ranges, which should be considered if
these dosimeters are to be used in certain exposure scenarios (such as
interventional radiology or similar medical applications where high
doses to exposed workers can be recorded), to prevent the acquisition of
unreliable dosimetry data. PD5 and PD6 exhibited good performance
across the entire tested energy range, with the maximum deviation from
the reference response being +39.9 % for the radiation qualities N-120
and N-150, and +31.9 % for the radiation quality N-40, respectively.
Response energy dependence of PDs is presented in Fig. 3.

The observed PD performance in this work is in line with the findings
of previous research, where the applications of active personal dosim-
eters in low-energy continuous radiation fields were considered
(Krzanovic¢ et al., 2017; Lee et al., 2016). Further examination of the
dosimeter performance in low-energy radiation fields, regarding the
effects of photon energy, could be done by utilizing real poly-energetic
radiation fields encountered in diagnostic radiology (such as the stan-
dardized RQR radiation quality series). Such performance tests, focused
on fluoroscopy modalities were previously done, where dosimeters,
which had their energy response in line with the IEC standard in the
medical energy range, were identified. Even though the energy depen-
dence criteria were fulfilled, the non-linearity effect at very high (pulsed
field) dose rates caused performance issues (Clairand et al., 2011;
Struelens et al., 2011).

Journal of Radiation Research and Applied Sciences 19 (2026) 102159

Considering the current developments in individual monitoring,
hybrid dosimeters which incorporate properties of both active and
passive dosimeters are being proposed as an alternative to the existing
technologies. Performance tests of novel dosimeter models have also
been done, and their characteristics are on par with the commercially
available PDs and TLDs/OSLDs (Garzon et al., 2019; Haag et al., 2021;
Vlahovié et al., 2025).

3.2. Variation in dosimeter response due to angle of incidence

Angular dependence of AD response is in line with the IEC
60846-1:2009 (IEC, 2009) standard requirements in the minimum rated
range. Therefore, these dosimeters are suitable for general area work-
place applications where the encountered angles of incidence are less
than +45°. The angular response test for ADs included a wider range of
angles, to consider irradiation conditions which are encountered when
the dosimeters are used for area environmental monitoring. The angular
response of ADs in N-40 and N-100 radiation qualities, in both dosimeter
orientations is presented in Figs. 4 and 5, respectively. N-40 was high-
lighted as low photon energies and high angles of incidence present
unfavourable irradiation conditions (often encountered in medical ap-
plications of ionizing radiation). N-100 represents the lowest energy
radiation quality within the IEC stated minimum rated range of photon
energy (IEC, 2009; IEC, 2024). Additional information on angular
dependence of ADs in other investigated radiation fields is presented in
the Appendix (Figs. A1 — A5).

As the geometry of the dosimeter (the position of its active volume
relative to the associated electronics, any additional filtration, the
structure of the dosimeter casing etc.) has an important role in its
angular dependence, sufficient information regarding the dosimeter
reference point, orientation and positioning should be clearly stated by
the manufacturers. In the S-Cs radiation field it was observed that some
of the AD models had their angular response within the standard limits
even for the whole test range (0°, £45°, +60°, £90°, +120°, and 180°),
exhibiting potential for applications in environmental monitoring. In the
low-energy radiation fields (N-40 and N-60) for the angles of incidence
larger than +45° the angular dependence is more pronounced. It should
also be noted that in the manufacturer specifications there is no suffi-
cient information on the angular rated range.

As the minimum rated range in (IEC, 2009) is defined for a narrow
angle range, specific to area workplace monitors, the current standard
test criteria could be updated by introducing the dosimeter requirements
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in a broader angular range, specific to environmental monitoring, with dosimeter models (PD5 and PD6) are designed for low-energy applica-
adapted limits of variation for larger angles. tions. As the photon energy decreases the angular dependence becomes

In the case of PDs, it was observed that the angular dependence more prominent, with significant under response at higher angles of
criteria are fulfilled for the S-Cs radiation quality. Considering the incidence. In the N-40 and N-60 radiation fields they have displayed
manufacturer specifications of the tested dosimeters (Table 2), only two alignment with the standard criteria up to approximately +45°. It
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Table 3

Dosimeter stability in terms of Coefficient of Variation (CoV).
AD/PD CoV (%) AD/PD CoV (%)
AD1 0.8 AD13 0.7
AD2 0.8 AD14 1.1
AD3 0.9 AD21 0.4
AD4 9.0 AD22 0.6
AD5 4.1 AD23 0.4
AD6 0.9 AD24 3.0
AD7 0.4 AD25 0.2
AD8 2.5 AD26 0.3
AD9 1.8 PD3 4.4
AD10 1.2 PD4 4.7
AD11 2.8
AD12 0.9

Personal dose equivalent rate, Hp(10) (uSv h™)

Fig. 9. Non-linearity of active personal dosimeter (PD) response in the dose
rate range from 3 pSv h ~1t0 2 Sv h ~L. The limits of variation (—13 %; +18 %)
in terms of relative response are displayed (IEC, 2024).

should be noted that very low photon energies and high angles of inci-
dence represent unfavourable irradiation conditions. Also, the PD sam-
ple sizes are not well representative of the dosimeter type. PD1 and PD2
have displayed a pronounced angular dependence, which could possibly
be attributed to their geometry and instrument design. PD3 and PD4
have performed within the standard requirements in line with the
manufacturer's specifications. The angular response of PDs in N-40 and
N-60, and N-100 and N-120 radiation qualities, in both dosimeter ori-
entations is presented in Figs. 6 and 7 respectively. Additional infor-
mation on angular dependence of PDs in S-Cs and N-80 radiation
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qualities is presented in the Appendix (Figs. A6 — A7). Angular depen-
dence tests on current state-of-the-art hybrid dosimeters for individual
monitoring proves that some of the new dosimeter models have
commendable angular dependence even at very low energies (Garzon
et al., 2019; Haag et al., 2021; Vlahovic¢ et al., 2025).

3.3. Variation in dosimeter response due to dose rate (non-linearity)

All the tested ADs have complied with the standard requirements on
non-linearity of the response. Over the whole tested dose rate range,
relative responses within +10 % were observed for most dosimeters,
making them suitable for various exposure scenarios in both industrial
and medical applications. AD4 and AD5 had displayed pronounced non-
linearity at the lowest dose rate included in the test (3 pSv h’l), which
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Table 4

Overload message indication and post-overload response.
AD Message Response
AD4 999 mSv h ™!, screen blink 0.868
AD5 999 mSv h™!, screen blink 0.987
AD6 999 mSv h™!, screen blink 1.001
ADS 9999 Sv h™!, screen blink 1.015
AD9 9999 Sv h™!, screen blink 0.964
AD10 9999 Sv h™!, screen blink 1.001
AD14 OVL mSv h™! (overload) 1.001
AD18 OFL (overflow) 0.963
AD19 OFL (overflow) 0.968
AD20 Overload 0.945
AD25 Overload 0.995
AD26 Overload 0.997

may be attributed to the resolution of the instrument reading. Non-
linearity of ADs is presented in Fig. 8.

Similar behaviour is observed with PDs where most of the devices
fulfil the criteria over the whole tested dose rate range. For the lowest
dose rates of 3 pSv h™! and 7 uSv h ™!, PD3 and PD4, which represent the
same dosimeter model, have exhibited pronounced non-linearity. As
with the AD4 and AD5, this behaviour might be attributed to the in-
strument resolution. This dose rate value is outside of the manufacturer
stated measurement range. Non-linearity of PDs is presented in Fig. 9.

Most of the dosimeters included in the study have behaved in
accordance with the standards in the tested dose rate ranges, with
respect to the manufacturer specifications. In previous studies focused
on dosimeter performance the effects of dose rate were investigated in
the radiation fields where very high dose rates are encountered, spe-
cifically in the pulsed radiation fields. Under these extreme irradiation
conditions many of the devices fail to provide any indication. It was
observed that in general the non-linearity effect becomes very signifi-
cant at dose rates approximately above 1 Sv h™! (Clairand et al., 2011;
Hupe et al., 2019).

3.4. Stability and overload

Out of the 20 ADs, for which the stability test was conducted, more
than half of them exhibited excellent stability, with the Coefficient of
Variation (CoV) below 1 %. For the remaining ADs, the CoV was below 5
%, except for AD4, which showed a CoV of 9 % (Table 3). Overall, the
dosimeters showcased good stability, indicating that they provide reli-
able and precise measurements, which is essential when performing
dosimetry measurements.

In the case of PDs, only two dosimeters were evaluated in this test,
both exhibiting CoV values below 5 % (Table 3), making them suitable

Table 5
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for the acquisition of reliable and precise dosimetry data.

For the dosimeter overload test all of the 12 tested ADs either dis-
played an overload indication message or a numerical value indicating
over range (Table 4). The maximum deviation from the reference value
of —13.2 % was reported for AD4, which could be attributed to the age of
the device. For the rest of the ADs the deviation was less 6 %, which
demonstrates that even after being exposed to dose rates beyond the
manufacturer stated measurement range, the devices functionality is not
compromised and they still provide accurate measurements.

3.5. Possibilities for the update of IEC standards

State-of-the-art radiation protection dosimeters are designed in such
a way that they are able to measure within a wide range of photon en-
ergies and doses (dose rates). The performance indicators presented in
previous sections showcase overall good dosimeter performance, in line
both with the standard stated minimum rated ranges, as well as the
manufacturer specifications. Additionally, some dosimeters exhibited
good performance even beyond their respective manufacturer-stated
measurement ranges.

The current standard defined minimum rated ranges and limits of
variation are defined to accommodate various ionizing radiation appli-
cations. Literature review, everyday practice and state-of-the-art tech-
nology overview have shown that the current limits of variation are
achievable by various dosimeter manufacturers for different detector
technologies. In this way, a variety of dosimeters are available on the
market, at different price points, in order to accommodate different end-
user needs.

The limits are derived based on the allowed variation of the cali-
bration coefficient of +40 % (IEC, 2009; IEC, 2024). Current limits of
variation lead to higher measurement uncertainties in real
poly-energetic and multi-directional radiation fields. These un-
certainties are sufficient for most common dosimeter applications and
most routine measurements. Measurements of operational quantities are
usually performed to estimate effective dose, which is only an approx-
imation of the risk for stochastic effect (ICRP, 2021). However, when
high precision measurements are required, with a lower measurement
uncertainty (e.g., when comparing different methods, equipment or
procedures, transfer instruments for dosimeter comparisons), it could be
beneficial to introduce another class of instruments, with lower limits of
variation.

Currently, there is no distinction between dosimeters which have
small variations in relative response and those which have more pro-
nounced dependence on radiation based influence quantities. Based on
the performance test results two dosimeter classes are proposed
(Table 5). In the case of the energy and angular dependence test, limits

Overview of the minimum rated ranges for radiation-based influence quantities, and their proposed limits of variation in terms of relative response for class A and class

B dosimeters.

IEC standard Influence quantity

Minimum rated range

Limits of variation

Class A Class B
IEC 60846-1:2009 Photon energy 80 keV-1.25 MeV 0.83-1.25 0.71-1.67
20 keV-150 keV
Angle of incidence 80 keV-1.25 MeV 0.83-1.25 0.71-1.67
20 keV-150 keV
0-+45°
Non-linearity three orders of magnitude including 10 pSv h™? 0.91-1.11 0.85-1.22
IEC 61526:2024 Photon energy 80 keV-1.25 MeV 0.83-1.25 0.71-1.67
20 keV-150 keV
Angle of incidence 80 keV-1.25 MeV 0.83-1.25 0.71-1.67
20 keV-150 keV
0 - £60°
Non-linearity 0.5usvh t-18svh! 0.91-1.11 0.83-1.25
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of variation, which would pertain to class B dosimeters, should remain
unchanged (0.71-1.67). Such limits are valid for two application based
minimum rated ranges, medical, which covers mean photon energies
from 20 keV to 150 keV, and industrial, with mean photon energies from
80 keV to 1.25 MeV, with the respective angle of incidence minimum
rated ranges for PDs (0°; +60°) (IEC, 2024), and for ADs (0°; +45°)
(IEC, 2009). Proposed class A dosimeters would comply with more strict
limits of variation, 0.83-1.25, which correspond to the +20 % variation
in the calibration coefficient. Observed performance test results indicate
that some current and novel dosimeters exhibit small response varia-
tions relative to reference conditions, being <+10 %, even outside the
minimum rated range. It should be noted that the number of tested
personal dosimeters in this study is not sufficiently large, however novel
dosimeters exhibit good performance across the entire tested range
(Garzon et al., 2019; Haag et al., 2021; Vlahovic et al., 2025). Observed
dosimeter response variation due to dose rate was within +10 % for
most of the tested dosimeters, which suggests that the limits of variation
could be stricter than currently stated in the standard. For class A do-
simeters limits of variation could be set to 0.91-1.11, whereas the limits
set for proposed class B dosimeters would remain unchanged (IEC, 2009;
1EC, 2024).

Considering the proposed distinct dosimeter classes, evaluation of
dosimeter performance against stricter criteria was performed to assess
the number of ADs and PDs which could be considered class A
dosimeters.

Based on the energy dependence test results 12 out of 20 ADs fulfil
the newly proposed criteria in the minimum rated range (Fig. 2) (IEC,
2009). If the performance is assessed within the respective
manufacturer-stated energy ranges 10 out of 12 ADs fulfil the class A
criteria. In the case of PDs, it was observed that 3 out of 6 dosimeters can
be considered class A dosimeters within the minimum rated range
(Fig. 3).

The angular dependence of the response was evaluated for the three
lowest photon energy radiation qualities for which the energy depen-
dence complies with the standard. For the minimum rated range (N-100
radiation quality, mean photon energy 83.3 keV) 8 out of 11 and 6 out of
13 ADs in vertical and horizontal orientation, respectively, satisfy class
A requirements (Fig. 5). For the N-80 radiation quality (65.2 keV mean
photon energy) 10 out of 17 and 13 out of 19 ADs in vertical and hor-
izontal orientation, respectively, met the newly proposed criteria
(Fig. A4) (IEC, 2009). In the case of PDs 2 out of 4 dosimeters comply
with the class A requirements in the minimum rated range (N-100)
(Fig. 7), whereas 4 out of 6 PDs met the requirements in the N-80 ra-
diation quality (Fig. A7), for both orientations (IEC, 2024).

In the case of non-linearity test nearly all (24 out of 26) ADs can be
categorized as class A dosimeters (Fig. 8), while 3 out of 6 PDs fulfil the
newly proposed criterion (Fig. 9) (IEC, 2009; IEC, 2024).

4. Conclusion

In this work a measurement protocol was developed based on the IEC
type testing standards (IEC, 2009; IEC, 2024) to evaluate the perfor-
mance of commonly used radiation protection dosimeters, in terms of
variation in response caused by radiation-based influence quantities.
The test ranges used in this study were extended beyond the minimum
rated ranges and manufacturer-stated ranges. ADs and PDs exhibited
overall good performance in terms of relative response within the
standard defined limits of variation and manufacturer specifications for
all the conducted tests (IEC, 2009; IEC, 2024). Some of the dosimeters
showcased small variations in response even beyond these ranges, while
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others exhibited more pronounced variations under these irradiation
conditions: low-energy photons (such as N-40 and N-60 radiation fields),
high angles of incidence (such as £75° for PDs, or £90°/+180° for ADs
depending of geometry) and very low dose rates (where device resolu-
tion is the limiting factor) or very high dose rates (where devices can be
in overload or can be affected by detector dead time). The presented
results emphasize the possibility for introducing two dosimeter classes.
Class A dosimeters would have to comply with more strict limits of
variation than the current standard stated ones, whereas the limits of
variation for Class B dosimeters would remain as they are. The aim of
these proposed updates is to enhance the quality and reliability of
dosimetry data and to reinforce radiation protection of both the exposed
workers and the general public. Due to the insufficient number of PDs
included in this study, it is necessary to extend the sample size in future
work, to provide supporting evidence for the proposed classification.
Complementary to this study, future research is needed towards per-
formance tests in pulsed-radiation fields.
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Appendix A. Results on the performance of Active Area Dosimeter (AD) and Active Personal Dosimeter (PD) in terms of response to
radiation-based influence quantities
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Fig. A1. Angular dependence of active area dosimeter (AD) response in the S-Cs (mean photon energy 662 keV) radiation quality in vertical dosimeter orientation. a)
AD1-AD6; b) AD7-AD13; ¢) AD14-AD19; d) AD20-AD26. The limits of variation (—29 %; +67 %) in terms of relative energy and angular response are displayed
(IEC, 2009).
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ARTICLE INFO ABSTRACT

Dataset link: 10.5281/zenodo.14964822, 10.52 In the first part of this study, we determined a fit function which allows the calculation of the total pH
81/zenodo.14964817 (pHy) value of an artificial seawater/2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS) buffer, extrapolated
Keywords: to 0molkg~! H,O TRIS molality (i.e. to a true pHy scale), in terms of temperature and practical salinity. In
Weighted RMSE this second part, we present a method to quantify the uncertainty of that function. The uncertainty plays
Harned cell measurements an important role in the characterization of the indicator dye used for the routine spectrophotometric pHr
Metrology measurement in seawater. However, it has not been determined previously. We assigned uncertainties to
Monte Carlo simulation measured input quantities, and propagated them through the calculation steps described in the first part. Both,
Total pH analytical uncertainty calculation and Monte Carlo simulations have been applied to adequately consider the

various steps of the procedure needed to calculate pHy values of artificial seawater. The combined standard
uncertainty of pHy(S,T,h(TRIS) = 0molkg™ H,0) for artificial seawater/TRIS buffers was 0.0011 over the
practical salinity range 5 to 40 and temperature range 5°C to 40°C. This uncertainty can now be used to
determine, the uncertainties of the characterization of the indicator dye used for seawater pH; measurements.

1. Introduction et al., 2023) which needs to be monitored. Reliable measurements
with adequately determined measurement uncertainties are essential to
In part 1 of this study (Capitaine et al., 2025), we presented pHr pri- accurately assess ocean acidification (Newton et al., 2015).

mary measurements of artificial seawater (ASW)/2-amino-2-(hydroxy-
methyl)-1,3-propanediol (TRIS) buffers in the nominal practical salinity
S range from 5 to 40 and temperature 7 range from 5°C to 40 °C. The
results were used as a basis to fit a function describing the dependence
of pHr on temperature and salinity in artificial seawater. This function

The Harned cell measurement of pHy in artificial seawater at dif-
ferent temperatures T and salinities .S with a TRIS buffer of molality
b(TRIS) (see Buck et al., 2002 for detailed information on primary pH
measurements), and the determination of the fit function involve a

can be used for the characterization of meta-Cresol Purple, an indicator variety of measurements and calculation steps. This makes the determi-
dye for seawater pHy measurements. With the uncertainties associated nation of appropriate uncertainties a difficult and complex task. In this
with the pHy reference material used for the characterization, uncer- part 2, we demonstrate and discuss in detail how the uncertainties of
tainties can be propagated to the final pH; measurements of seawater. the measured pHy values were quantified and how these uncertainties
This topic is of interest because anthropogenic emissions of CO, de- are considered to assign an uncertainty to the fit function. In the future,

crease the pH value of the ocean (Calvin et al., 2023; Friedlingstein
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Table 1
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Overview of the key packages and package bundles used in R with their version number and respective main use. A full list of
package versions is included with the code (doi:10.5281/zenodo.14964817).

Package Use Version Citation
MASS stepwise model selection by AIC? 7.3.65 Venables and Ripley (2002)
metafor uncertainty of extrapolations 4.8.0 Viechtbauer (2010)

metRology uncertainties following (BIPM
et al., 2008a)
mltools weighted RMSE"

leave-one-out cross-validation
data processing

tidymodels bundle
tidyverse bundle

0.9.29.2 Ellison (2018)

0.3.5 Gorman (2018)

1.3.0 Kuhn and Wickham (2020)
2.0.0 Wickham et al. (2019)

2 AIC - Akaike Information Criterion.
b RMSE - root-mean-squared error.

those uncertainties can be used to determine the uncertainties in the
characterization of the indicator dye meta-Cresol Purple (specifically
the uncertainty of pKZT e,) which is used in seawater pH; measure-
ments. As far as we are aware, the uncertainty of the fit function
was not available previously thus interrupting the uncertainty prop-
agation for spectrophotometric seawater pH; measurements. As such
the uncertainty value presented in this work, constitutes an important
step on the way to establishing full metrological traceability for those
measurements.

The complete model to determine the fit function from the measured
input quantities involved a variety of steps. While the uncertainties of
some of the intermediate results were better calculated by uncertainty
propagation according to the “Guide of the expression of uncertainty in
measurement” (GUM) (BIPM et al., 2008a), the use of a Monte Carlo
approach (BIPM et al., 2008b) was more suitable for others, i.e., the
involved fitting procedures. The main challenges to address were: (i)
the determination of reasonable uncertainties of extrapolated values;
and (ii) the determination of the uncertainty of a pHy value at a specific
temperature and salinity calculated from the fit function. To tackle
these challenges, we have employed a step-wise approach in which
we calculated the uncertainties of each step individually by different
methods. This approach combined analytical and numerical methods
from the GUM and its supplements.

2. Uncertainty of primary pHy(S,T, b(TRIS)) values of ASW/TRIS
buffers

The measurement model used to determine the fit function
pH(S, T, b(TRIS)) has been detailed in part 1 (Capitaine et al., 2025).
From that model, the pHy(S,T,b(TRIS) = 0molkg~! H,0) value of a
given artificial seawater standard at nominal practical salinity .S and
temperature T, referred to a TRIS molality of 0 molkg™! H,0, was
calculated. In summary, the model involved the following fundamental
steps:

1. calculation of water mass fraction, wy,p, of the buffer and
equimolal TRIS and TRIS hydrochloride (TRIS.HCI) molality,
b(TRIS), in water,

2. determination of the standard potential, E**, of the silver-silver
chloride electrodes in artificial seawater media,

3. calculation of the ASW/TRIS buffer pH(.S, T, 5(TRIS)) value and

4. fitting of the function.

Each step required a specific approach to determine the associated
uncertainties which are needed to propagate the uncertainties of the
measured input quantities to the combined uncertainty of pH(.S,T). In
the following section, the uncertainty calculation and data processing
are described and discussed for each step to determine the primary
pH1(S,T,b(TRIS)) value of the ASW/TRIS buffer. The next section
describes the uncertainty determination for the last step, the fitting of
the function.

Calculations were done in R version 4.3.2 (R Core Team, 2023).
Table 1 lists key packages with their versions. The data and code can

be found in doi:10.5281/zenodo.14964822 and doi:10.5281/zenodo.
14964817, respectively. Additionally, a custom R package was devel-
oped to combine many of the main functions needed. It is available as
part of the code.

2.1. Uncertainties of ASW/TRIS buffer preparation

Stock solutions for ASW/TRIS buffer and HCI solutions were pre-
pared gravimetrically at the Physikalisch-Technische Bundesanstalt
(PTB, Germany). The purities of all salts were measured by coulometric
titration at the Slovak Institute of Metrology (purities are shown in
Table 2). The HCI solutions were characterized with coulometry at the
Danish National Metrology Institute (under DANAK accreditation reg.
No. 255). The ASW/TRIS buffer solutions were prepared at PTB, while
the ASW/HCI solutions needed to determine the standard potential of
the silver-silver chloride electrodes in artificial seawater, E%*, were
prepared from the stock solutions by Instituto Portugués da Qualidade
(IPQ, Portugal), Laboratoire National de Métrologie et d’Essais (LNE,
France) and PTB individually. The measured masses were corrected
for air buoyancy (for details see Supplementary Material 1). The water
mass fraction, ®y,0, Was calculated from the nominal practical salinity,
S, as defined in part 1 section 2.3 (Capitaine et al., 2025) with

o0 = 1-0.0010047 - § )

(Clegg et al.,, 2022). This was used to convert from the molality-
based to the amount-content-based pHy scale based on the reference
composition of seawater and its practical salinity. The factor with the
value of 0.0010047 was established by Clegg et al. (2022) (as opposed
to 0.00106 used by DelValls and Dickson (1998)). The uncertainty of
the nominal practical salinity was calculated as the combined uncer-
tainty of the mass measurements needed for the preparation of stock
solutions and subsequent preparation of ASW/TRIS buffers, as well as
the difference between the measured mass and the target mass of the
artificial seawater recipe (for details see Supplementary Material 2).
The uncertainties of the TRIS molality were determined from the
uncertainties of the measured masses and their impurities. Propagation
of uncertainties was performed within the GUM (BIPM et al., 2008a)
framework, using the metRology package (Ellison, 2018) with the
uncertainties of the molar masses assumed to be 0kg mol~! (Meija
et al., 2016).

Table 3 shows an example uncertainty budget for a nominal practi-
cal salinity of 35. The main uncertainty contributors were the molalities
of NaCl and MgCl,. A visual summary of the uncertainty calculation
and the relative contribute of the different components is given in
Supplementary Material 3.

2.2. Uncertainties of potential and temperature measurements

At IPQ, the potential difference between the electrodes was mea-
sured using a Keithley 2700 digital multimeter (Keithley Instruments,
Solon, United States) and recorded with XLinx software. Measurements
were recorded every minute. pHy calculations were based on the mean
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Characterization of salts and solutions by the Slovak Institute of Metrology and the Danish

National Metrology Institute.

(a) Purity characterizations of salts and solutions with their absolute standard uncertainty.

Substance Purity / Standard uncertainty /
% %
KCl 99.880 0.018
NaCl 99.842 0.018
Na, SO, 99.999 0.0135
TRIS 99.925 0.027
(b) Amount contents of solutions.
Substance Amount content / Standard uncertainty /
mol kg? molkg™!
CaCl, 0.51586 0.00009
HCl 0.106494 0.000019
0.106470 0.000019
MgCl, 1.42292 0.00029

Two different batches of HCl were used.

Table 3

Example uncertainty budget for an ASW/TRIS buffer of nominal practical salinity 35 and H(TRIS) =
0.025molkg~! H,0, made from stock solutions (PTB). The uncertainty of the molality already includes both
the weighing uncertainty and the component from the difference to target weight. The last column shows the
individual uncertainty contributions to the combined standard uncertainty of the nominal practical salinity (in
the last row). A visual summary of the uncertainties is given in Supplementary Material 3. For the equation to
calculate the salinity, see Supplementary Material 2. The shown numbers were rounded for presentation. For
precise numbers, please see the original calculations provided in doi:10.5281/zenodo.14964817.

Substance Molality / Standard Sensitivity Uncertainty
uncertainty / coefficient / contribution
molkg~! H,0 molkg~! H,0 kg H,Omol™!
NaCl 0.40253 2.2.107* 46.74431 0.010086
MgCl, 0.054736 3.0-107° 140.2329 0.004182
Na,SO, 0.029262 1.5:107 140.23294 0.0021464
HClL 0.025097 4.2:107° 46.74431 0.0019647
CaCl, 0.010501 5.7:107° 140.23294 0.0008060
KCl 0.0105793 5.8:10°¢ 46.74431 0.0002701
combined standard uncertainty for the nominal practical salinity 0.011

potential data collected over one hour, after reaching a stable potential
(standard deviation below 5 - 107 V).

The potential difference between the electrodes at LNE was mea-
sured using an Agilent 34972 A data acquisition system (Agilent, Santa
Clara, United States) and recorded with Agilent Benchlink Data Logger
software (Agilent, Santa Clara, United States). Measurement results
were recorded every 2 min. pHy calculations were made from the mean
of potential data acquired over one hour with a stable potential signal
(i.e., standard deviation below 2 - 10> V).

At PTB, the potential was measured with a digital multimeter
(3458 A, Agilent, Santa Clara, United States). The system was stabilized
for 45 min. The potential was recorded every five minutes and averaged
over 50 min once a stable potential (standard deviation below 5- 107> V
over 11 measurements) was reached.

Potentials were measured with a mean standard uncertainty of 5.4 -
107V (IPQ), 6.1-107°V (LNE) and 2- 1073V (PTB) after the correction
to a hydrogen pressure of 1atm. The main uncertainty components
were the uncertainty of the electrode potentials, the uncertainty of the
multimeter and the repeatability of the measurement.

At IPQ, Harned cell measurements were performed at 20 °C, 25°C,
and 30 °C. The cells were placed in a Lauda Proline PV36 thermostatic
bath with the temperature measured by three Pt100 probes.

Harned cell measurements at LNE were conducted at 15°C, 25°C,
and 30°C. Cells were placed in a TAMSON thermostatic bath with
five Pt100 probes to measure temperature. Measurement results were
recorded every 2 min. The temperature was averaged within each con-
dition across the time the potential was measured and then averaged
across the five temperature probes.

At PTB, temperature was measured with four PT100 temperature
probes connected to a F250 MKII thermometer (Automatic Systems
Laboratories (ASL), Sevenoaks, United Kingdom) evenly distributed in-
side the temperature bath. The temperature result was averaged within
each condition across the time the potential was measured and then
averaged across the four temperature probes. Calibration uncertainty
and stability of the temperature measurement (standard deviation) had
similar values of 0.0017 K and 0.0014 K. Their combined contribution
was about one order of magnitude smaller (mean of 0.000692K) than
the value of the temperature inhomogeneity within the bath (mean of
0.00776 K).

Temperatures were measured with a mean standard uncertainty of
0.021 °C (IPQ), 0.011 °C (LNE) or 0.0045°C (PTB).

As mentioned in part 1, the pH values at a nominal practical
salinity 20 were excluded from the analysis. As can bee seen in figure
2 in part 1 especially for a TRIS molality of 0.025molkg~! H,0, they
were lower compared to the values of the adjacent salinities. As a
consequence, the residuals from the fit are likewise unusually large
at nominal practical salinity 20. The deviation has been measured
by PTB and LNE. Therefore, a defect of the measurement system can
be excluded. However, a similar anomaly was not seen in the works
of DelValls and Dickson (1998) and Miiller et al. (2018). Therefore,
and because PTB and LNE have measured samples from the same
batch, it is much more likely that an unnoticed error occurred during
the preparation of salinity 20 solutions than that an unusual physic-
ochemical effect caused the observed anomaly, for which there is no
explanation. Therefore, we decided to exclude the values at nominal
practical salinity 20. We have conducted repeated fits in which we
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Fig. 1. Example extrapolation of measured potentials (E’, black points) to
determine an extrapolated value for h(HCl) equal to zero (E%, blue square)
at 25°C, nominal practical salinity 25 from measurements carried out at PTB.
The thin black line shows the quadratic fit used to determine the extrapolated
value.

have removed the data at a single condition to investigate the effect on
the fit function. They showed that the fit was robust against removal,
especially for salinities in the middle of the salinity range.

2.3. Uncertainties of the standard potential E%*

EY% values (see equations (7) and (8) in part 1) have been deter-
mined for each salinity and temperature condition from the potential
measurements of the corresponding ASW/HCI solutions. They were
calculated from a quadratic extrapolation of the measured potentials
to Omolkg™! H,0 HCI molality as in Dickson (1990) (see Fig. 1 as
an example). The extrapolation and uncertainty of this extrapolated
value were determined with the metafor: :rma function (Viecht-
bauer, 2010). We chose this method because we wished to propa-
gate the uncertainties of the potential to the extrapolated value. The
metafor: :rma function uses the covariance matrix the uncertainties
of the input potentials to include them in the determination of the
uncertainty at 0molkg~! H,O. The distribution of HCl molalities was
chosen to minimize the expected uncertainty of the extrapolated value.

The uncertainties of E% and residuals of the fit did not vary
significantly across measurement conditions. The average uncertainty
was 2.9-107° V, and the root-mean-squared error (RMSE) of all residuals
was 3.4-107° V. For the measurements at PTB, the RMSE of the residuals
of the fit was always smaller compared to the uncertainty determined
for E%*. For the measurements at LNE and IPQ, the residuals were
generally higher compared to the uncertainty, and also compared to the
residuals of the PTB data (absolute residual up to 2.3-10~*V compared
to the maximum of 5.7 - 107 V in PTB measurements).

2.4. Uncertainties of measured pH(S, T, b(TRIS)) values

Uncertainties of the measured pHy(S, T, b(TRIS)) values at nominal
practical salinity S, temperature 7 and TRIS molality b(TRIS) were
calculated according to the GUM framework (BIPM et al., 2008a) by
propagating the uncertainties of the above-mentioned input quantities

E — EO*

through
b(CI7)
= 1 1 . )
(R-T-1In(10))- F-! * °g< by ) og (@p,0) 2

E is the measured potential of the ASW/TRIS buffer corrected to
latm H, pressure, R is the molar gas constant, 7 is temperature in
kelvin, F is the Faraday constant, »(Cl7) is the molality of Cl~ ions,
by is the standard molality (b, = 1molkg™' H,0 and oo is the

pHr
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water mass fraction (Clegg et al., 2022, equation 1). The metRology
package (Ellison, 2018) was used for the uncertainty propagation.

Table 4 shows an exemplary uncertainty budget of a
pH(S, T, b(TRIS)) value. The uncertainty components with the highest
contribution were those of E and E%, followed by temperature, molal-
ity of CI” and wy, . A visual summary of the uncertainty calculation is
given in Fig. 2 and the relative contribution of the different components
is shown in Supplementary Material 3.

The uncertainty contribution of E to pH; was almost constant
across the temperature and salinity range with only a slight decrease
at higher temperatures. The uncertainty contribution of E%* showed
little variation but had some outliers with higher uncertainties at
nominal practical salinity 5 and 30 and lower uncertainties at nominal
practical salinity 35. The uncertainty contribution of the molality of Cl~
increased for all temperatures with increasing salinity from around 4.8 -
107> molkg~! H,0 to 5.7- 107> mol kg~ H,0. The uncertainty contribu-
tion of the temperature increased slightly with increasing temperature
and decreasing salinity. And the uncertainty contribution of wy o
was constant across temperatures but decreased with increasing salin-
ity. The combined uncertainty of pHy(S, T, b(TRIS)) values was stable
across all conditions with a few outliers resulting from variations in the
uncertainties of E%*.

2.5. Uncertainties of consensus pH7(S, T, b(TRIS)) values

If measured pH+(S, T, b(TRIS)) values were provided by more than
one institute for a combination of (nominal) salinity, temperature and
TRIS molality, we calculated the weighted mean of the pHy(S.T,b
(TRIS)) results and their uncertainties using the Graybill-Deal estimator
with dispersion (CCQM, 2013). We chose the uncertainty-weighted
mean to account for different uncertainties of the individual measure-
ments and included dispersion correction to include interlaboratory
differences. This step was not necessary and therefore skipped if the
condition was measured by only one institute.

Fig. 3 illustrates the distribution of the standard uncertainties of
the pHy(S, T, b(TRIS)) measurement results as a function of temperature
and salinity. The uncertainty of pHy(.S, T, b(TRIS)) for conditions where
measurements were taken at more than one institution was between
1.2- 107 and 2 - 1073 in pHy units. If only measurements from PTB
were available, the uncertainties were between 2.8-10~* and 1.6- 103
in pHr units.

As uncertainties of the pHy values for TRIS buffer solutions have not
been routinely determined previously, limited literature is available for
comparison. The uncertainties for the measurements by Miiller et al.
(2018) were mostly in the range between 1 - 1073 to 2.1 - 1073 in pHy
units. Our maximum uncertainties had similar values. However, our
minimum uncertainties were lower. This was caused by the combina-
tion of measurements from different institutes and, in the case of PTB,
lower uncertainties of the determined E*.

In the data by Miiller et al. (2018), a tendency for higher uncertain-
ties at higher temperatures and lower salinities can be observed. We
did not observe this trend. This is likely due to improved temperature
stability of the measurement set-up and the correction of the ASW/TRIS
buffer composition.

3. Uncertainty of the fitted equation pHrp.(S,T,b(TRIS) = 0
mol kg~ H,0)

3.1. Fitting procedure

We used the equation proposed by Miiller et al. (2018) to cal-
culate a fit function describing the dependence of pHp on salinity,
temperature and TRIS molality. However, since we have omitted the
pH1(S, T, b(TRIS)) results at TRIS molality »(TRIS) = 0.01 molkg~! H,0
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Example uncertainty budget for nominal practical salinity 35, temperature 25°C and TRIS molality 0.025molkg~! H,O at PTB,
before averaging. The last column shows the uncertainty contribution of the individual components to the combined uncertainty.
A visual summary of the uncertainties is given in Fig. 2 with the relative contributions of each visualized in Supplementary
Material 3. The shown numbers were rounded for presentation. For precise numbers, please see the original calculations provided

in doi:10.5281/zenodo.14964817.

Component Value Standard Sensitivity |Uncertainty
uncertainty coefficient contribution|

E 0.738154V 20107V 16.902875 V! 3.38-107*
E% 0.245972V 20-107°V -16.902875 V1 3.377-107*
T 298.16K (25.01°C) 47-107%K —0.0279K"! 1-107*
b(CI7) 0.569177 molkg~! H,0 7.7-107° molkg~! H,0 0.763022kg H,0 mol~! 5.83-107°
0 0.964836 g/kg sol 1.1-107° g/kgsol -0.4501228 kgsol g! 5.12-107°
4.993 .10

combined standard uncertainty of the pH; value

u(E")

u(Bcy)

A

S

u(Exc)

extrapolation

Fig. 2. Contributions to the uncertainty of a single pH; value. Gray boxes indicate constants. The blue and green reference the corresponding contributions in
Supplementary Material 3. The lighter the blue/purple, the larger the contribution.

and expected a linear relationship across TRIS molalities, we have
considered only the linear term of TRIS molality in the equation:
PHy (S.T.b(TRIS) =g+ hy - S+hy - S*+ hy -S> +i) - Ty +iy-In(Ty)
+i3~Tid+j1-S-Td+j2~SZ-Td+j3~s3-Td
+ g S In(Ty) +js - S%In(Ty) + jg - S° - In (T})
1

+k1-s-i+k2~sz-i+k3~s3-—
T, T, Ty

+ 1y - by(TRIS) + I, - by(TRIS) - .S
+ 13- by(TRIS) - T, + I, - by(TRIS) - S - T},

3)
where temperature and TRIS molality are of dimension one, given as
T
T,=—
‘=7 4
and
by(TRIS) = bARIS) 5)

0
and with nominal practical salinity .S, temperature 7 in kelvin, stan-
dard temperature T;, = 1K, TRIS molality 5(TRIS) in molkg~! H,0 and

standard molality b, = 1 molkg~! H,0. We have fitted the equation to
the dataset with TRIS molalities of 0.025 and 0.04 molkg~! H,0. The
pHr (S, T,b(TRIS)) value of artificial seawater at 0 molkg~! H,O TRIS
molality was then calculated by inserting 5(TRIS) = 0molkg~! H,0.
We used a generalized linear model with the glm function (R Core
Team, 2023) to fit the data and weighted them with the uncertainty of
the pH1(S, T, b(TRIS)) values: m. The stepAIC function was used
to perform a stepwise model selection based on the Akaike Information
Criterion (AIC) (Venables and Ripley, 2002). The numbers of relevant
digits of the coefficients were determined by checking with how many
digits the calculated pHr (S, T, b(TRIS)) value of the function stabilized

compared to the standard uncertainty.

3.2. Uncertainty determination

The uncertainty of pHry (S, T, 5(TRIS) = 0 molkg~* H,0) was deter-
mined from the weighted RMSE of the fit (ug,,5z) and from the varia-
tion of the pHy (S, T, b(TRIS)) values at 0 mol kgt H,O TRIS molality
in three Monte Carlo simulations (u,;c). This combination allowed us
to consider the goodness of fit and the robustness of the extrapolation
with respect to uncertainty.
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Fig. 3. Standard uncertainties of the pH;(S,T,b(TRIS)) values calculated from the measurements of the individual institutes. The differently colored shapes
indicate how many institutes (n(Inst.)) measured under the specific condition. The two TRIS molalities did overall not differ in their uncertainties significantly
and are not distinguished here, therefore, there are two points for each salinity-temperature combination (though sometimes so similar in value that they are
indistinguishable). Each plot shows the data for the temperature indicated at the top.

The weighted RMSE of the fit was calculated with the
mltools: :rmse function (Gorman, 2018). The weights were the
same as for the fit: . The weighing of the RMSE with uncertainties
meant that values w1t1il a higher uncertainty contributed less to the
RMSE. This was chosen to adequately account for the different levels
of confidence in the values as indicated by the uncertainties.

In each Monte Carlo simulation run, a new dataset was generated by
random draws from the measurement value distributions of pHy, tem-
perature, salinity and TRIS molality data. The starting points of the sim-
ulations were pHy data at 0.025molkg~! H,0 and 0.04 molkg~! H,O
TRIS molality, with their respective temperature, salinity and TRIS
molality data. We assumed normal distributions for all input data.
Since the main contribution to uncertainties of the pHy(S, T, b(TRIS))
values are the statistical variation of the potential measurements and
the interlaboratory reproducibility, correlation of the input data have
not been considered in the determination of the uncertainty of the fit.

We used the function coefficients from the stepwise selected model
of the original fit in the Monte Carlo simulation. It was fitted in
each run to the generated dataset. Using the fit function of a single
run, the pHy (S,T,b(TRIS) = 0molkg~! H,0) values for all nomi-
nal temperatures and salinities were calculated and saved. For each
combination of temperature and salinity, the standard deviation of
the pHy (S, T, b(TRIS) = 0 mol kg~! H,0) values was finally calculated
across all runs. A Monte Carlo simulation involved 30,000 runs, which
was sufficient to let the standard deviations of the three independent
simulations converge. The uncertainty component u . for the variation
of pHy (S, T, b(TRIS) = Omol kg™! H,0) was calculated as the average
standard deviation from three independent Monte Carlo simulations.

The combined uncertainty u, was then calculated as

2 2
¢ =\ Urmse T ¥yc Q)

u, estimates the uncertainty of the pHrp.(S.T.H(TRIS) = 0
molkg~! H,0) value of an artificial seawater standard at a given

salinity and temperature.

3.3. Uncertainty of pHr..(S, T, b(TRIS) = 0molkg™! H,0)

We have presented the fit function describing pH; depending on
salinity and temperature in part 1 (Capitaine et al., 2025). Fig. 4
visualizes the fit function with the uncertainty. The two uncertainty
contributions had values in the same order of magnitude: 0.00042 from
the RMSE of the fit (ugy ) and 0.00099 from the variation of the
extrapolated values in the Monte Carlo simulation (u,,; the variations
for other molalities up to 0.04 molkg=! H,O were smaller than this
value for 0molkg™ H,0). ugy sp is smaller than the goodness-of-fit
value reported by DelValls and Dickson (1998) which was 0.00071.
As the RMSE is calculated across the whole salinity, temperature and
TRIS molality range and the extrapolated values did not show a rel-
evant pattern across all conditions either, we have decided to use a
single uncertainty estimate for pHr (S, T, 5(TRIS) = 0 mol kg~! H,0) for
all temperature and salinity conditions. Thus, the combined standard
uncertainty of the pHr.(S,T,b(TRIS)) value at Omolkg™! H,O TRIS
molality (u.) is 0.0011 in pHrp units.

To assess the quality of the fit function, we have applied a leave-one-
out cross-validation, which showed less variation (maximum: 0.00011)
than the uncertainty we have assigned to pHy .(S,T,b(TRIS) = 0
molkg~! H,0) (Fig. 5). This demonstrates the stability of the fit. It
further justifies that leaving out the results at salinity 20 for the reason
mentioned in part 1 (see section 2.6.1) has little effect on the reliability
of the fit function.

In this work, we have decided to fit a function through the mea-
sured pHy(S,T,b(TRIS)) values and calculate pHy.(S,T,b(TRIS) =
0Omolkg~! H,0) at zero TRIS molality. Alternatively, it would have
been possible to extrapolate pH(S, T, b(TRIS)) for each temperature-
salinity combination to Omolkg~! H,0 TRIS molality first, and use
the extrapolated results to calculate the pHy at 0molkg~! H,O TRIS
molality as a function of salinity and temperature. The weighted RMSE
was 0.0014. However, even though that function did represent the
extrapolated values well the dependence on salinity and tempera-
ture seen at 0.025mol kg~! H,O and 0.04 molkg~! H,O TRIS molality
was not well reflected. This was due to variations in the measure-
ment data that were amplified in the extrapolation to 0 molkg~! H,O
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Fig. 4. Fit function at 0molkg™! H,0 TRIS molality with uncertainty. The lines show the fit function at 0molkg™' H,0 TRIS molality, the shaded area is the
expanded uncertainty (k = 2). Each plot shows the data for the temperature indicated at the top. Note that the y-axis ranges are different between the individual

plots.

TRIS molality. Locally extrapolated values amplified the effect of
the measurement variation on the extrapolation, while global ex-
trapolation smoothed local variations. For example, in some cases
the pHy(S, T, b(TRIS)) value for 0.04 molkg! H,O TRIS molality was
lower than for 0.025molkg~! H,O, which does not comply with the
expectation that it should be the other way round (Clegg et al., 2022).
As a consequence, the fit function was distorted to some extent. In
contrast, the fit presented in this work smoothed such irregularities
and did not affect the dependence on salinity and temperature seen at
0.025 mol kg~ H,0 and 0.04 mol kg~! H,0 TRIS molality significantly.

4. Role of ASW/TRIS buffer standards for the characterization of
the indicator dye meta-Cresol Purple and its uncertainty

We have described the uncertainty of the pHy value of ASW/TRIS
buffers, having a nominal practical salinity between 5 and 40, a tem-
perature between 5°C and 40°C and for H(TRIS) = Omolkg™! H,O.
Currently, such ASW/TRIS buffers are used to characterize the pKzT e
value of the indicator dye meta-Cresol Purple (Liu et al., 2011; Miiller

and Rehder, 2018). This characterization is essential for conducting
spectrophotometric pHy measurements. Traceability of spectrophoto-
metric pHy measurement is basically given through published pK'e,
values of meta-Cresol Purple, or rather through a function of PK, e,
depending salinity and temperature. The uncertainties described here
can henceforth be used to also assign uncertainties to the pKzT e
values of the indicator dye, which was not possible before because the
uncertainty of the pHy(S, T, b(TRIS) = 0molkg~! H,0) was not known.
This is needed to establish, by propagation, a complete uncertainty
budget of the spectrophotometric measurement of pHy for a seawater
sample.

Due to the time-consuming experimental process, pKzT e, values
are currently not determined for each new batch of meta-Cresol Pur-
ple, instead, published values are used for each batch, independently
from the actual provider. Therefore, uncertainties in the replicability,
mainly because of varying unknown impurities, increase the uncer-
tainty of the assigned pK7 e, values and, consequently, of subsequent
pH; measurements to an unknown extent. Ideally, each new batch
of meta-Cresol Purple should be calibrated by measuring the pHy of
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a difference of 0 in pH; units. Each plot shows the data for one temperature shown in the bottom left.

certified ASW/TRIS buffer standards with a spectrophotometer. The
pKZT e, can be calculated from the spectrophotometrical measurement
of an ASW/TRIS buffer standard, its certified pHy value, and the tem-
perature measurement following the procedure in Miiller and Rehder
(2018). The fit function pHy. (S, T, 5(TRIS) = 0 molkg~! H,0) presented
here can be used to calculate the pHy value of the reference material
(i.e., ASW/TRIS buffer standard) and its uncertainty directly impacts
the uncertainty the determined pKzT e.

Ideally, each batch of meta-Cresol Purple should be accompanied
with a certificate stating its pKzT e, value and its uncertainty for a range
of salinity and temperature relevant for oceanographic measurements.
In this way, batch to batch variations due to impurities could be com-
pensated for. Such a certified meta-Cresol Purple can then be used by
oceanographers to do their measurements on unknown samples, with
adequate uncertainty calculations. However, such certification of meta-
Cresol Purple demands time and resources as ASW/TRIS buffers over a
wide range of salinity need to be analyzed by spectrophotometry for a
wide range of temperature. Alternatively, it could be recommended for
meta-Cresol Purple producers to determine pKzT e, at a specific salinity
(i.e., for only one ASW/TRIS buffer) and temperature. This would allow
a limited quantification of the variations due to impurities.

The uncertainty goal for seawater pHy measurements is a standard
uncertainty of 0.003 for climate research (Newton et al., 2015). The
standard uncertainty of 0.0011 for artificial seawater presented here,
is a valuable step towards this goal. It provides important insight into
the attainable accuracy of spectrophotometric pH; measurements. The
uncertainty of the pKZT e, term, as well as other terms coming from
the characterization of the molar extinction coefficients of the dye, still
need to be assessed.

However, the uncertainty of the function presented here applies
only if the uncertainties of salinity and temperature from the original
measurements (the electrochemical measurements of the artificial sea-
water) are achieved in the calibration measurements. If that is not the
case, these uncertainties should be considered in the calculation. This
could, for example, be done by propagating them through the functions.

In essence, this would lead to an additional uncertainty contribution
urg of

Urs

OpH.(S, T, b(TRIS)) \ 2 opH; (S, T, b(TRIS) \ 2
2\/( PHz (S, T, b( ))) _M(T)2+< PH (S, T b( >> s

aT as
@

The uncertainty of temperature has a much larger effect on the
combined uncertainty compared to the uncertainty of salinity since
the sensitivity of pH; on temperature is higher. An increase of the
uncertainty of temperature by 0.01°C results in an increase of the
uncertainty of pHy by about 0.00004 (at 25°C and nominal practical
salinity 35) while the effect of a salinity uncertainty increase of 0.01 is
about two orders of magnitude lower. Sensitivity is somewhat affected
by temperature and salinity, but the overall pattern remains. We esti-
mate that uncertainties in temperature below 0.015°C and in salinity
below 0.1 are negligible. Fig. 6 shows how much the uncertainty of
pHr (S, T,b(TRIS) = 0molkg~! H,0) is affected by the uncertainty of
salinity and temperature for one example condition.

This is in agreement with the results from the sensitivity analysis
method where we found that the primary source of uncertainty was
the uncertainty of the temperature with more than 99 % of the value of
the combined uncertainty. In this method the minimum and maximum
value of salinity, temperature and TRIS molality are calculated based
on their uncertainties (value minus or plus the uncertainty) (Bernardini
et al., 2024). We used the fitted coefficients to calculate a pH; value
at zero TRIS molality for those conditions, and then estimated an
uncertainty from the resulting variation of the result. The resulting
standard uncertainties for pHr (S, T, b(TRIS) = 0mol kg1 H,0) were
between 0.00020 and 0.00028 in pHry units if the mean uncertainties
for all three input quantities were used. Which is lower than the
uncertainty we propose because only the effect of input uncertainties
is determined and not the effect of the fitting. However, it does reveal
the sensitivity of the function towards temperature.

While our measurements covered most of the oceanographically
relevant temperature and salinity range, we were unable to measure
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(though for a given buffer the salinity should be known from the preparation).

at 0°C due to technical constraints. Application of the results to values
below 5°C should therefore be carefully considered and the extrapo-
lation added in the uncertainty budget. Similar caution should apply
to higher temperatures and salinities outside the range covered by our
measurements.

As discussed in part 1, the artificial seawater is the best approxi-
mation of the acid-base equilibria in natural seawater available for the
measurements. Even so, artificial seawater does not exactly represent
the behavior of acid-base equilibria in natural seawater and this should
be taken into account when determining the uncertainty of a measure-
ment of natural seawater when the calibration was done with artificial
seawater.

5. Conclusion

After determining the fit function to describe the pHy value of an
ASW/TRIS buffer at h(TRIS) = Omolkg~' H,O in a practical salinity
range from 5 to 40 and temperature range from 5°C to 40 °C in Cap-
itaine et al. (2025), this study added the uncertainty determination
for the final values. This value is an important step towards traceable
spectrophotometric pH measurements of seawater because with it, the
indicator dye can be characterized with uncertainties. We determined
that the combined standard uncertainty is 0.0011 in pH; units with
analytical procedures following GUM (BIPM et al., 2008a) and a Monte
Carlo simulation (BIPM et al., 2008b). This is an important step towards
the climate measurement objective established by Newton et al. (2015).

The main open questions regarding the uncertainty of spectropho-
tometric pHy seawater measurements remain in the context of the
uncertainties related to the impurities in meta-Cresol Purple and the
effect of practical salinity not being traceable to the International Sys-
tem of Units (SI) (Seitz et al., 2011). However, the results in this paper
present a first step towards fully traceable seawater pH; measurements.
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ARTICLE INFO ABSTRACT

Keywords: Spectrophotometric measurements of seawater total pH (pHr) contribute to the knowledge of the oceanic car-
Ocean acidification bonate system, and hence to the assessment of the ocean carbon cycle and the monitoring of ocean acidification.
Total pH Spectrophotometric measurements rely on the characterization of the indicator dye’s second dissociation con-
TRIS buffer . . . .

Traceability stant, obtained from measurements on solutions of known pHy. Therefore, Harned cell potentiometric mea-

surements were performed on equimolal TRIS buffers (i.e. buffers containing equal molalities of 2-amino-2-
(hydroxymethyl)-1,3-propanediol (TRIS, CAS reference number 77-86-1) and TRIS hydrochloride (TRIS.HCI)),
made in an artificial seawater (ASW) matrix. Buffer solutions were prepared in an ASW matrix of nominal
practical salinities from 5 to 40, and Harned cell measurements were performed on these solutions at temper-
atures from 5 °C to 40 °C. This provides, for the first time, pHr values of ASW/TRIS buffers that are consistent for
the entire ranges of salinity relevant for oceanographic measurements, and for a wide range of temperature. The
work presented includes a comparison of results from three National Metrology Institutes to assess reproduc-
ibility, and provides a function allowing the calculation of equimolal ASW/TRIS buffers pHr as a function of
salinity, temperature and TRIS buffer molality. This function can be used to derive pHy values for zero TRIS
molality, thus representing a pure ASW (i.e. a chemical environment unaffected by the presence of TRIS and
TRIS.HCD), and referring to a true pHr scale. These values are needed for the characterization of the second
dissociation constant of the dye with perspective of traceability to the International System of units.

1. Introduction emitted, (2.9 + 0.4) GtC per year were absorbed by the ocean, repre-

senting about 27 % of anthropogenic CO, global emissions. The ab-

It is estimated that 10.8 gigatonnes of carbon (GtC) per year were
emitted in the decade 2014-2023 by anthropogenic activities such as
fossil fuel burning, land-use change and cement production
(Friedlingstein et al., 2024). Of the total amount of carbon dioxide (CO3)

sorption of CO by seawater causes changes in the oceanic carbonate
system, leading to an acidification of seawater and to a decrease of the
carbonate ion concentration (IPCC, 2019). By affecting the stability of
mineral forms of calcium carbonate, the decreasing carbonate
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concentrations leads to lower calcification rates, malformation and
dissolution of carbonate structures, and are therefore impacting marine
biodiversity (Rastelli et al., 2020). To study ocean acidification, the
modification of the oceanic carbonate system, as well as the ocean
carbon cycle, four independently measurable parameters can be moni-
tored: pH on the total scale (pHr), total alkalinity (Ar), total dissolved
inorganic carbon (Cr) and equilibrium fugacity of CO2 (fCO,) (Dickson
et al., 2007). These parameters are the basis of the ocean carbon
observation system, with uses in data management, analysis, and
biogeochemical models.

Among the four parameters aforementioned, pHy has been widely
used by oceanographers following the development of the spectropho-
tometric measurement method (Byrne and Breland, 1989; Clayton and
Byrne, 1993) and later spectrophotometric in-situ autonomous sensors
(Seidel et al., 2008; Yin et al., 2021). It is of major importance to
guarantee the reliability and comparability of these measurement re-
sults, which requires the use of metrological principles such as uncer-
tainty estimation, validation of measurement processes and
establishment of metrological traceability.

The spectrophotometric pHr measurement method is based on the
use of the indicator dye meta-cresol purple (mCP). It consists of
measuring the absorbance ratio R at the wavelengths corresponding to
the peak of absorbances of the basic and acidic form of the indicator dye
in a seawater sample. This, together with the second dissociation con-
stant and molar extinction coefficients of the dye, allows for the calcu-
lation of pHr (eq. 1). To be suitable for spectrophotometric pHr
measurements of natural seawater samples, these parameters need to be
characterized over appropriate ranges of salinities and temperatures
(Douglas and Byrne, 2017; Liu et al., 2011; Loucaides et al., 2017; Miiller
and Rehder, 2018).

R-—el
1-Rxg

pH; = —log(K}e,) +log ¢))

where K7 is the second dissociation constant of the indicator dye, R the
ratio of the absorbance at 578 nm (i.e. mCP basic form absorbance
wavelength) on the absorbance at 434 nm (i.e. mCP acid form absor-
bance wavelength), and e;, e; and e; are ratios of the dye molar
extinction coefficients (Liu et al., 2011).

The characterization of the molar extinction coefficients has been
described by Liu et al. (2011) and Loucaides et al. (2017). The term ngz
is characterized by spectrophotometric measurements of artificial
seawater (ASW) solutions of known pHry (Liu et al., 2011; Loucaides
et al., 2017; Miiller and Rehder, 2018).

The solutions used for that purpose are equimolal TRIS buffers
(buffer of 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS) and TRIS
hydrochloride (TRIS.HCI)) made in ASW solutions of the desired salin-
ities. The pHr values of these solutions are commonly characterized with
the Harned cell potentiometric measurement method (DelValls and
Dickson, 1998; Pratt, 2014; Papadimitriou et al., 2016; Miiller et al.,
2018; Capitaine et al., 2023b). Harned cell measurements are the pri-
mary measurement procedure for aqueous pH measurements. They
provide the lowest standard uncertainty for pH measurement results,
typically below 0.002 (Buck et al., 2002). From such measurements, a
function giving the pHr of equimolal ASW/TRIS buffers at each studied
salinity and temperature can be computed and used for the subsequent
determination of Kle,. Thus, traceability of spectrophotometric pHry
results can be considered established to the Harned cell potentiometric
measurement method.

However, in ASW/TRIS buffers, the TRIS and protonated TRIS (the
TrisH" ion) contribute to a significant extent to the composition of the
buffer, especially at low salinities, and these buffers do thus not accu-
rately represent a seawater matrix. Indeed, the activity coefficients of
the ions involved in acid-base equilibria will differ slightly from their
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values in pure ASW and seawaters of the same nominal salinity. Values
of pHr of those buffers, which are measured with Harned cells, do not
correspond to the true total pH scale in seawater, which applies to saline
waters having ionic strengths similar to those of the open ocean (Clegg
et al., 2022). To overcome this, Nemzer and Dickson (2005) recom-
mended that the KTe, characterization should be made from equimolal
ASW/TRIS buffers with pHy values extrapolated to zero TRIS molality,
thus to a pure ASW matrix. The extrapolation is done with measure-
ments of equimolal ASW/TRIS buffers at various TRIS molalities.

The characterization of the ASW/TRIS buffers used for the Kle,
characterization has, up to now, only been made in separate ranges of
salinity: 5-20 in Miiller and Rehder (2018) and 20-40 in DelValls and
Dickson (1998). It must be mentioned that Miiller and co-workers pro-
vide an equation for the whole salinity range 5-40 and temperature
range 5-45 °C that is, however, based on their measurements for sa-
linities 5-20 combined with DelValls and Dickson measurements to
establish the fit up to salinity 40. Particularly important is the fact that
the preparation of ASW/TRIS buffers by Miiller et al. differed from the
one commonly used and the extrapolation to zero TRIS molality resulted
in an incorrect ASW composition which affects the resulting pHr (Clegg
et al., 2022). Unfortunately, Miiller et al. (2018) was the only study
providing ASW/TRIS buffers with pHy values extrapolated to zero TRIS
molality for ranges of salinity and temperature, as well as subsequent
ngz characterization (Miiller and Rehder, 2018). Dye characterizations
provided in Liu et al. (2011) and Loucaides et al. (2017) did not refer to a
pure ASW, thus to a true pHy scale. New measurements of ASW/TRIS
buffers as well as subsequent dye characterization are therefore needed.

The aim of this work is to provide pHr data for equimolal ASW/TRIS
buffers measured with the common Harned cell methodology and to
compute a suitable fitted function for pHy for the salinity and temper-
ature ranges relevant for seawater spectrophotometric measurements (i.
e., salinity range 5-40 and temperature range 5-40 °C). This function is
suitable for the computation of pHy values at the limit of zero TRIS
molality. This work aims thus to provide a consistent function usable for
the characterization of mCP in the salinity and temperature ranges most
relevant for oceanography. The fitted function provided will enable for
the dye characterization, itself allowing for spectrophotometric pHr
measurements (1) traceable for wider ranges of salinity and temperature
and (2) that are consistent with a true pHr scale.

Our work is divided into two parts. In this work we determine the
variation in pHr of equimolal ASW/TRIS buffers, for varying buffer
molalities, for the salinity range 5-40 and temperature range 5-40 °C. A
further study (Schafer et al., 2025) describes for the first time the esti-
mation of the uncertainty of the fitted function, which is necessary to
establish the uncertainty budget for spectrophotometric measurement of
pHr that is lacking up to now (Fong, 2021).

This paper details the preparation of equimolal ASW/TRIS buffers
and the measurement of their pHrt values, as well as the data processing
method used to establish the fitted function. Harned cell measurements
of the pHr values of the ASW/TRIS buffer solutions were conducted at
three National Metrology Institutes (NMIs): the Physikalisch-Technische
Bundesanstalt (PTB, Germany), the Laboratoire National de Métrologie
et d’Essais (LNE, France) and the Instituto Portugués da Qualidade (IPQ,
Portugal). Our results are compared with the earlier work of DelValls
and Dickson (1998), and of Miiller et al. (2018). In addition, spectro-
photometric measurements of some of the equimolal ASW/TRIS buffers
have been conducted at LNE to check the compatibility of the fitted
function presented in this work with the dye characterization of Miiller
and Rehder (2018). The metrological traceability of pHy values of ASW/
TRIS buffers is finally discussed.
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2. Materials and methods
2.1. General approach

Harned cell measurements of ASW/TRIS buffer solutions were per-
formed at nominal practical salinities 5, 10, 15, 20, 25, 30, 35 and 40,
and at nine temperatures between 5 °C and 40 °C with steps of 5 °C, with
an additional measurement at 37 °C performed at PTB. In accordance
with former work, three equimolal ASW/TRIS buffers were measured for
each salinity, having molalities of b(TRIS) = b(TRIS.HCI) = 0.01, 0.025
and 0.04 mol kg~! H,O. Measurements were carried out by the three
NMIs involved in this study: PTB, LNE and IPQ (Fig. S1, Supplementary
Material).

The pHrt values of equimolal ASW/TRIS buffers within the whole
ranges of nominal practical salinity 5-40 and temperature 5-40 °C were
calculated from the measurements as described in section 2.3. An
equation giving the pHry of equimolal ASW/TRIS buffers as a function of
nominal practical salinity, temperature and molality of TRIS was
computed (section 2.6). For a molality of b(TRIS) = b(TRIS.HCl) =0
mol kg~! H,0, the function yields the pHy values extrapolated to pure
ASW (i.e. an ASW matrix without TRIS and TRIS.HCI), which has
important practical applications.

Spectrophotometric measurements have been conducted at LNE on
equimolal ASW/TRIS buffers of salinities 5, 20, 35 and 40 using K}e>
determined by Miiller and Rehder (2018). The spectrophotometric pHt
values obtained in that way were compared to the fitted function pre-
sented in this work to check their equivalence. Details of these com-
parisons are given in section 2.7.

2.2. ASW/TRIS buffer pHr preparation

The composition of the ASW used for ASW/TRIS buffers preparation
was based on the reference seawater composition of the International
Association for the Physical Sciences of the Oceans (IAPSO) for a prac-
tical salinity of 35 (Millero et al., 2008). From that reference composi-
tion, adjustments were made, as recommended by Dickson (1990) to
simplify the composition and thus the preparation of the solutions, and
to replace bromide ions that damage silver-silver chloride electrodes,
giving the composition presented in Pratt (2014). The ASW composition
referred to as a nominal practical salinity of 35 (i.e. with an equivalent
chemical environment to the reference natural seawater composition of
practical salinity 35). When referring to ASW/TRIS buffers, the use of
the word “salinity” corresponds to the aforementioned “nominal prac-
tical salinity”” throughout the paper.

Table 1 presents the way of obtaining all equimolal ASW/TRIS
buffers compositions for nominal practical salinities 5, 10, 15, 20, 25, 30
and 40 from the reference composition of Pratt (2014) at a nominal
practical salinity of 35. They are calculated by changing the amount
content of all salts proportionally, based on the ionic strength of the
desired salinity.

For each salinity, three equimolal buffers were prepared at b(TRIS) =
b(TRIS.HCI) = 0.01, 0.025 and 0.04 mol kg~ ! H,0. To keep the ionic
strength constant, the amount of HCl added was compensated by
removing the same amount of NaCl from the initial composition
(Table 1, footnote a), see DelValls and Dickson (1998). The practical
effect of this is to substitute Na™ for equal moles of TrisH" in the buffer
solution.

The ASW/TRIS buffer recipe is defined for a nominal practical
salinity, such that the artificial seawater (without the buffer) is expected
to provide the same chemical environment — in terms of the activity
coefficients of the species involved in acid-base equilibria — as natural
seawater of the same practical salinity. Thus the difference in stoichio-
metric dissociation constants, such as that of HSOZ, for ASW and natural
seawater, is negligible.

Substituting TRIS.HCI for NaCl in artificial seawater is expected to
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Table 1

Computation of the composition of the different TRIS buffers (i.e. various
nominal practical salinities, noted S, and TRIS molalities) from the reference
composition of Pratt (2014).

Salts Molar mass Pure ASW TRIS buffer
M / g mol ! reference composition
composition (This study)
(Pratt, 2014)
Molality Molality
b / mol kg’1 H,0 b / mol kg’1
H,O
NaCl 58.4428 0.42753 a
NaySO4 142.0421 0.02926 b
KCl 74.5513 0.01058 b
MgCl, 95.2110 0.05474 b
CaCl, 110.9840 0.01075 b
HClL 36.4609 - c
TRIS 121.1352 - d
Nominal 35
Practical
Salinity, S
Ionic 0.72236 Is
Strength,l

Note: Where the Ionic strength Is of a specific salinity is calculated with the
0.72236 ¢ S

35
tities, i.e. their amount divided by the mass of the solvent, which is water in this

study, noted mol kg ! H,O. The subscript “S” corresponds to a TRIS composition
at one specific salinity and the subscript “Ref” to the reference composition of
Pratt (2014).

formula Iy = and where b expresses the molality of the solute en-

Y Is o b(Nacl)p,
b(Nacls i) = T’”— b(Hl).
Is o b(Salts
Ph(Salt)s = Is « bi(Sdlts) s
IRef

°b(HCI) of respective equimolal ASW/TRIS buffers (i.e. 0.01, 0.025 or 0.04 mol
kg ! H,0)
9b(TRIS) = 2 e b(Hcl).

minimise changes in the thermodynamic properties of the buffer solu-
tions relevant to acid-base equilibrium relative to those for a pure arti-
ficial seawater, and the approach has been used in this study to salinities
as low as 5. However, it must be emphasized that the proportion of TRIS
and TRIS.HCl in the artificial solution is significant for low salinities, and
this leads to greater changes in the acid-base properties of the solution
compared to higher salinity buffers (Clegg et al., 2022). The elimination
of this effect can be achieved by an extrapolation of the measured
property, and of pHr, to zero TRIS buffer molality. Note that such a pHr
is not the same as the total pH of a solution composed only of artificial
seawater which, if no TRIS is added, would likely have a neutral pHr.
This behaviour, and other aspects of pHr, have been investigated using a
chemical speciation model by Clegg et al. (2022).

The ASW/TRIS buffers were prepared gravimetrically at PTB using
the compositions given in Table 1 and using the following chemical
compounds: TRIS (NIST Standard Reference Material 723e), NaCl (Merck
KGaA, 99.842 %), KCl (Merck KGaA, 99.988 %), NaSO4 (Merck KGaA,
99.999 %), CaCly.2H20 (Merck KGaA), MgCl,.6H20 (Merck KGaA), HCL
(Danish Institute of Fundamental Metrology, amount content of 0.1 mol per
kilogram of solution) and ultrapure water. MgCl, and CaCl, stock solu-
tions were prepared from the hydrated salts at around 1.4 mol kg~ *-sol
and 0.5 mol kg~ '-sol, respectively. All salts, and the stock solutions of
MgCly, CaCly and HCI, were characterized for purity or amount content,
respectively, by coulometric acid-base or argentimetric titrations (S2,
Supplementary Material). NaCl, KCl and Na2SO4 salts were dried before
use (S2, Supplementary Material) and the buffers were prepared by
gravimetry from stock solutions of the different components.

An offset of 0.4 % excess in the HCl molality was added
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unintentionally in the preparation of some ASW/TRIS buffers (S3,
Supplementary Material). Additional studies were conducted to inves-
tigate the potential impact on the pHr values. To this end, solutions with
varying excess HCl molalities (0 %, 0.13 %, 0.26 %, 0.4 %, 0.8 %, 1.5 %
and 5 %) were prepared for a buffer of salinity 35 and at b(TRIS) =
b(TRIS.HCI) = 0.01 mol kg ! H,0, and their pHy values were measured
at several temperatures. The raw data of this experiment are presented
in the Zenodo Repository (https://doi.org/10.5281/zenodo.14964822;
details about the repositories are given in S4, Supplementary Material).
An offset of —0.003 could theoretically be calculated for the pHy value at
0.4 % from a linear extrapolation of the results to 0 % offset, as well as
from eq. 8 of Clegg et al. (2022). However, no significant dependence of
the pHr values on the excess HCl molality could be noted in the range up
to 0.8 % (i.e. within their spread of 0.004 pHrt units). Additionally,
equimolal ASW/TRIS buffers of salinity 40 were prepared again with the
correct HCI molality, and sent to LNE for comparison with the original
buffers. These investigations showed that the error led to a bias of
around —0.001 pHr units, which is fairly small compared to the repro-
ducibility of the pHy Harned cell measurement results (around 0.003
pHr units). As a consequence of these experimental findings, it was
decided that the uncertainty of pHr due to the excess in HCl molality of
some ASW solutions is covered by the overall uncertainty of the mea-
surements. This is presented in more details in S5, Supplementary Ma-
terial. Moreover, it is expected that the overall fitted function will not be
significantly impacted. Therefore, pHy values obtained from ASW so-
lutions affected from the HCI offset have not been corrected.

Each solution was stored in 500 mL borosilicate glass bottles. Before
closing with screw caps and sealing with Parafilm, the headspace
(around 1 % of the total volume) was filled with humidified Argon gas.
The bottles were shipped to LNE and IPQ. The masses of the bottles were
measured at PTB and at the recipient laboratory to check the integrity of
the solutions during transport.

2.3. Definition of pHr and potentiometric measurement model for ASW/
TRIS buffers

In metrology, the measurement model corresponds to the mathe-
matical relation among all quantities known to be involved in a mea-
surement (JCGM 200:2012, 2012). The value of the measurand (i.e.
output quantity, or quantity intended to be measured) is to be inferred
from information about input quantities in the measurement model.
Here, the measurand is the pHr value, which is inferred from potenti-
ometric measurements conducted with Harned cells, as well as other
measurements or information. The subsections below present the mea-
surement model of the pHy obtained by potentiometry.

Operational pHy definition:

The operational pHr defined on a molality basis, denoted pHr p,, is
defined as follows:

pHrm = +1g(b(Cl")) @

where:

- E (V), is the potential difference measured between a silver-silver
chloride electrode (noted Ag()/AgCls)) and a Standard Hydrogen
Electrode (noted Pt,Hy) in the electrochemical cell I, and corrected to
a pressure of Hy equal to 1 atm.

Pt|H,(g)|ASW/TRIS buffer solution|AgCl|Ag Cell I

- E% (V), is the standard potential of the Ag)/AgCls) electrode in
ASW media (corresponding to extrapolation to infinite dilution). It is
determined from potential measurements (E) made with the elec-
trochemical cell IT in at least 5 solutions with HCI molalities varying
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between 0.005 and 0.05 mol kg_1 H,0, made in an ASW matrix of a
given salinity.

Pt[H,(g)|HCl (0.005 < b

< 0.05 mol kg ' H,0) in ASW solution|AgCl|Ag
Cell II

The E* term is obtained by extrapolating E values to an HCl molality
of zero using a quadratic polynomial function.

- k is the Nernstian term, given by eq. 3.

_ RTIn(10)

k F

(©))]
where F is the Faraday constant (C mol™!), R the Gas constant (J mol ™!
K’l), and T the measured temperature (K).

- Finally, b(Cl") is the molality of chloride ions in the TRIS buffer
solution (mol kg~ H,0)

Conversion to an amount content basis:

The operational molality based pHr,, is converted to an amount
content basis (pHt) to be suitable for oceanographers using the
following expression.

pHt = pHr — 18(wg,0) 4

where wp,o is the water mass fraction (g kg ™! sol) of natural seawater at
the practical salinity of interest.

To establish the conversion to amount content (amounts per kg of
seawater), as used by oceanographers, the water mass fraction must be
relative to a natural seawater composition and not to the TRIS buffer
composition itself. The value of wy,o is obtained from eq. 5, coming from
equation A.4 of Clegg et al. (2022), which is itself established based on
the natural seawater reference composition of Millero et al. (2008).

wp,0 =1—0.0010047 ¢ S )

where S is the nominal practical salinity.

The numerical factor corresponds to the ratio 0.03516504/35, where
0.03516504 is the solute content of the reference seawater composition
of the International Association for the Physical Sciences of the Oceans
(IAPSO) for a practical salinity of 35 (Clegg et al., 2022; Millero et al.,
2008).

The numerical factor in eq. 5 differs from the value of 0.00106 used
by DelValls and Dickson (1998) and in related studies. Their use of
another value appears likely to be an inadvertent error. This leads to a
discrepancy in calculated pHr of, for example, +0.0009 for a practical
salinity of 35 and + 0.0004 for a practical salinity of 15, compared to
pHr values where the water mass fraction is computed using eq. 5. This
error is carried over into related studies focusing on dye characterization
(Liu et al., 2011; Loucaides et al., 2017; Miiller et al., 2018; Miiller and
Rehder, 2018; Papadimitriou et al., 2016). While applying a correction
may be an appropriate solution, as it could help mitigate the error, this
approach must be thoroughly investigated and carefully discussed
within both the metrological and oceanographic communities. It is also
important to note that the error falls within the standard uncertainty
range of the spectrophotometric method used for dye characterization
(0.005-0.01 pHr units).

We also note that Pratt (2014), in his metrological study of the pHr of
TRIS bulffers, used values of wy, o calculated for the buffer solution itself,
however, it is thus not representative of a natural seawater composition.

Link to the conventional thermodynamic definition:

The molality-based conventional thermodynamic total pH, noted

pHy ., is defined by Egs. (6) and (7).
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. bT(H")
pHT.m - lg{mol kg—l Hzo} (6)
bT(H") = b/(H") + b(HSO;) = b/ (H") <1 +%) ~ b (H) (1 +%>
S S

@)

where b (H") is the molality of free protons, bs is the free sulphate
molality, bsr is the total sulphate molality (b(HSO;) + b (SO%’)), and Ks
is the molality based dissociation constant of HSO, at the salinity and
temperature of interest (Dickson et al., 2007). Although this definition is
the most rigorous one, being traceable to the international system of
units (SD), PHfr,m cannot be measured directly in seawater.

The pHr,, values of TRIS buffer solutions, relying on Harned cell
potentiometric measurements, include approximations that vary with
both temperature and salinity and are not yet fully quantified. These
approximations arise because of the combination of Harned cell results
for two solutions (TRIS buffer vs ASW only) that differ slightly in
composition and therefore acid-base thermodynamic properties (Clegg
et al., 2022). Even if the approximations can be considered negligible,
the definition of the potentiometric operational pHr ,, obtained experi-
mentally differs from the thermodynamic definition.

In this paper, we focus on the pHt of ASW/TRIS buffer according to
the operational definition based in amount content (eq. 4). The impli-
cation of the difference with the thermodynamic definition are discussed
in the last section (Section 4) of this paper as well as in Clegg et al.
(2022).

2.4. Instrumentation

2.4.1. LNE Harned cell set-up

Harned cell measurements at LNE were conducted at 15 °C, 25 °C,
and 30 °C. Cells were placed in a TAMSON thermostatic bath with ac-
curate temperature control, within 0.01 °C. Five Pt100 probes facilitated
temperature stability in the bath. The potential difference between the
electrodes was measured using an Agilent 34972A data acquisition
system and recorded with the Agilent Benchlink Data Logger software.
The atmospheric pressure was measured with a Druck DPI 740 sensor.
Measurement results, including potential difference, temperature, and
pressure, were recorded every 2 min. The cell potentials used in the
calculations were means of values acquired over one hour with a stable
potential signal (i.e. standard deviation below 20 uV). Electrodes were
prepared according to Bates (1973) methods for primary pH measure-
ments. LNE internal quality procedure plans the calibration for poten-
tial, temperature and pressure measurements, respectively every 4
years, 1 year and 2 years. They are made by accredited laboratories.

2.4.2. PTB Harned cell set-up

Harned cell measurements at PTB were conducted between 5 °C and
40 °C in 5 °C steps. Cells were placed in a Lauda Proline PV36 ther-
mostat, connected to a Lauda DLK45 cooling thermostat. Potential dif-
ference between electrodes was measured using an Agilent 3458A
digital multimeter and recorded via self-programmed measurement
software. Atmospheric pressure was measured with a Setra Digital
Pressure Gauge. The temperature was measured with a ASL F250 MKII
thermometer connected to four RTD PT100 temperature probes which
were placed in the Lauda Proline PV36 thermostat bath. The digital
multimeter and the thermometer (including temperature probes) are
calibrated at PTB every year and the digital pressure gauge is calibrated
at PTB every 5 years. Data, including potential difference (for each of the
twelve cells), temperature, and pressure, were recorded for each of
21-30 measurement runs (depending on voltage stability). The cell
potentials used in the calculations were means of the last eleven po-
tential data acquired. Electrodes were prepared according to Bates
(1973), methods for primary pH measurements.
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2.4.3. IPQ Harned cell set-up

Harned cell measurements at IPQ were conducted at 20 °C, 25 °C,
and 30 °C. Cells were placed in a Lauda Proline PV36 thermostatic bath
with accurate temperature control (standard uncertainty of 0.021 °C in
temperature measurement). The potential difference between the elec-
trodes was measured using a Keithley 2700 digital multimeter and
recorded with XLinx software. The atmospheric pressure was measured
with a Vaisala digital pressure sensor. The Pt100 temperature probes,
the pressure sensor and the multimeter are calibrated at IPQ annually.
Measurement results, including potential difference, temperature, and
pressure, were recorded every 1 min. The cell potentials used in the
calculations were means of values acquired over one hour with a stable
potential signal (i.e. standard deviation below 50 pV). Electrodes were
prepared according to Bates (1973) methods for primary pH
measurements.

2.4.4. LNE spectrophotometric pHt measurement set-up

pHr spectrophotometric measurements were conducted using an
Agilent Cary 60 UV-vis spectrophotometer and Starna quartz cells of 10
cm path-length. Cells were pre-thermostated and a Lauda Loop L100
circulation thermostat was connected to the internal support of the cell
of the spectrophotometer to allow maintaining a temperature of 25.0 +
0.1 °C inside the cell. The two PTFE plugs of the spectrophotometric cell
contained a calibrated temperature probe allowing for precise mea-
surements of the temperature inside the cell during the pHr
measurement.

The spectrophotometer was checked for linearity and wavelength
accuracy using neutral density filters and holmium filters, respectively.
The procedure followed for calibration was based on the Spectropho-
tometer calibration guide of the French College of Metrology (CFM,
2017).

2.5. ASW/TRIS buffers potentiometric characterization

The three NMIs used the electrochemical cell I to measure the po-
tentials E of the three equimolal buffers at each salinity and temperature
(see supplementary materials S1). Each institute performed duplicate or
triplicate measurements. Values of E°* were obtained by each institute
for all measured salinities and temperatures using cell II and following
the method described in Section 2.3. The solutions used for the deter-
mination of the E®° terms were prepared by each institute in its own
laboratory. The same salts and stock solutions used by PTB for the
preparation of the ASW/TRIS buffers were distributed to LNE and IPQ
for the preparation of these solutions. Seven ASW solutions with b(HCI)
0f 0.005, 0.01, 0.012, 0.028, 0.032, 0.048 and 0.052 mol kg ! H,0 were
measured for each salinity, some outliers were discarded. This is further
discussed in section 2.6.2.

Homogeneity between Ag(s)/AgCl(s) electrodes used for the deter-
mination of E°" was checked at each institute either by characterization
of their standard potential E° in HCI solution of molality 0.01 mol kg~*
H50, or by computing standard deviation of potentials acquired between
the various Ag(;)/AgCl(s) electrodes in a NaCl solution of molality 0.01
mol kg~! H,0.

Comparison measurements were made at 25 °C and 30 °C on the
three ASW/TRIS equimolal buffers for both salinities 5 and 35 to
demonstrate the compatibility of the results of the three NMIs. In-
strumentations available at LNE and IPQ prevented from making the
comparison at the lowest temperatures, which were only investigated at
PTB.

2.6. Data processing and fitted function

The data processing described in the following subsections was done
with R (R Core Team, version: 4.3.2 (R Core Team, 2023)). Key packages
with their versions are listed in Table 1 of Schafer et al. (2025). The full
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code can be found in the Zenodo Repository (https://doi.org/10.5
281/zenodo.14964817). A custom R package, that combined many of
the functions needed, was developed and is available with the code.

2.6.1. Evaluation of anomalous results

Three equimolal ASW/TRIS buffers, in which b(TRIS) and b(TRIS.
HCl) are equal to 0.01, 0.025, and 0.04 mol kg’1 H50, have up to now
been studied and reported one time in literature to allow extrapolation
of the corresponding pHr values linearly to zero TRIS concentration
(Miiller et al., 2018). However, our results suggest that the assumption
of linearity is not entirely justified in this molality range. Non-linear
behaviour was observed at all salinities and temperatures studied and
the non-linearity is more pronounced at low temperatures and high
salinities (Fig. 2). In Fig. 2, at each salinity and temperature, the
discrepancy between pHy values for b(TRIS) = 0.01 and 0.025 mol kg~
H50 versus the discrepancy between pHr values for b(TRIS) = 0.025 and
0.04 mol kg™ H,O is significant, showing the non-linearity in all the
conditions. It leads to differences in the extrapolated pHr values of
around 0.002.

The reason for the deviation from linearity, which suggests that the
pHy values at 0.01 mol kg~! H,0 become smaller in a non-linear way for
decreasing TRIS and TRIS.HCI molalities, has been illustrated by Clegg
et al. (2022). They suggest that for molalities lower than 0.02 mol kg~!
H»0 the amounts become too low for effective buffering, so that the pHr
drops and tends toward neutrality. Consequently, Clegg and co-workers
suggest to work at a lower limit of b(TRIS) and b(TRIS.HCl) equal to
0.02 mol kg ! H,0. Because the value of 0.01 mol kg ! H,0 used in this
study is below this limit, non-linearity has been observed in the exper-
iments to differing degrees. However, we note that this non-linear
behaviour, which cannot be neglected but is still small in relation to
the absolute pHr value, has not always been reported in literature (e.g.,
Fig. 1 of DelValls and Dickson, 1998; Miiller et al., 2018). In DelValls
and Dickson (1998) the drop in pHr values is only visible for b(TRIS)
below 0.01 mol kg~ H,0 and at temperatures below 20 °C. The small
magnitude of this change appears to be comparable to the minor de-
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why it is not always detectable.

We decided to use only the results of the ASW/TRIS buffers at 0.025
mol kg~! H,0 and 0.04 mol kg~! H,0 for the computation of the fitted
function. Furthermore, we suggest that future measurements should be
conducted with a 0.02 mol kg’1 H,0 ASW/TRIS buffer at the lower end,
in agreement with the suggestions by Clegg et al. (2022).

The deviation of the measured pHr values from the fitted function
was significantly larger at salinity 20 for all temperatures compared to
the pHr values at all other salinities. A thorough analysis of the available
measurement parameters failed to reveal any obvious errors. The mea-
surements that exhibited issues were specifically the one measured for b
(TRIS) = 0.025 mol kg~ H,0 at all temperatures. Including the results
at salinity 20 in the regression distorted the fitted function significantly
compared to a regression without these results. We therefore removed
the results at salinity 20, assuming that they were subject to an unno-
ticed measurement error, more details are given in Schafer et al. (2025).

Finally, the measurements at 40 °C were excluded for salinity 25
because a voltage peak interfered in the measured potential and affected
the results.

2.6.2. Determination of E®

Measurements of ASW at seven different HCl molalities (without
TRIS buffer) were made for each salinity and temperature value to
determine E°” values (see section 2.5).

Each measured potential E,g,,, -, corrected to a pressure of Hy

equal to 1 atm, was used to calculated E with eq. 8.

RTIn(10)

E = EASW+HC1 + F

1g(b(HCl) @ b(Cl) ) ®
where F is the Faraday constant (C rnol’l), R the Gas constant (J mol !
K1), T the measured temperature (K), and b(HCI) is the molality of HC,
b(Cl) the molality of C1~ (Miiller et al., 2018).

Each E°" value was determined from a quadratic fitted function fitted
through the E values and the corresponding molalities b(HCI):

viations that can occur in Harned cell measurements, which may explain E =ap+a; eb(HCl) +ay @ b(HCl)2 9
1 1 | ! ! | L |
8.100 B C
8.095 -
8.090 8--af .
f ] il [
Q8.085 5 il E
8.080 -
E - * PTB -
] ¢ LNE N
8.075 — = |PQ -
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Fig. 1. Harned cell measurements conducted by the three NMIs at 25 °C for the three equimolal TRIS buffers of nominal practical salinity 35. Where @, 4 and B
represent measurements conducted by PTB, LNE and IPQ, respectively. The data points are slightly staggered from the actual TRIS molality in the x axis in order to
visualize the error bars correctly. Error bars correspond to their respective expanded uncertainties (i.e. with a coverage factor, k, of 2). The straight line represents the
values calculated with the fitted function, while the dotted line represents values obtained by DelValls and Dickson (1998). The measurement data points of DelValls

and Dickson (1998) are also included (o). (color only in the online version).
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with ao, a1, and a5 being the fitted parameters. E°* was then determined
as the value of the fitted function at b(HCI) = 0 mol kg’1 (i.e., ap). The E’
values were weighted with ﬁ, u(E’) being the standard uncertainties of

the measured E’ values (details of the uncertainty calculation are given
in Schafer et al. (2025)). Eq. 9 was fitted with metafor::rma
(Viechtbauer, 2010).

2.6.3. Calculation of pHr values of ASW TRIS buffers
The pHy values were calculated at each salinity and temperature
with eq. 4 (DelValls and Dickson, 1998). The input values are:

o The potentials E of the respective equimolal ASW/TRIS buffers at
each combination of nominal practical salinity, S, and temperature,
T, obtained as described in section 2.5.

o The corresponding E°" value, obtained as described in section 2.6.2.

e The molality b(Cl™), calculated from the gravimetric preparation of
the TRIS buffer from the added mass of salts containing chloride ions
(Table 1).

e The Nernstian term k, according to eq. 3.

o The water mass fraction, wy,0, calculated with eq. 5.

Additional to the input values needed to calculate pHr, temperature
must be known for each pHr value for the subsequent fitting (see below).
Temperatures were measured during the Harned cell measurements.

Finally, the Graybill-Deal estimator with dispersion was used to
calculate the mean pHy value with uncertainty if more than one institute
had measured at the same salinity and temperature (CCQM, 2013). This
ensured that no condition had more influence in the fit just because it
was measured more often.

2.6.4. Model fitting

The equation proposed by Miiller et al. (2018) (eq. 9 of that publi-
cation) was used to describe the relationship between salinity, temper-
ature, TRIS molality and pHr. However, since the pHy results at 0.01
mol kg~! H,0 TRIS molality were excluded, so that there are just two
pHr values at the two remaining TRIS molalities for each salinity and
temperature, the quadratic b(TRIS) terms were omitted, giving:

pH; =g+h eS+hyeS*+h;eS®+i,eT+iyeln(T)+i3 -%+j1 oS

eT+j, 05> eT+js;05 eT+j,eSeln(T)+jseS* eIn(T)+js
3 S s? s®
¢S’ eIn(T) +k; o?+k2 0?+k3 o?+ll o b(TRIS) + I»

o b(TRIS) e S+1; e b(TRIS) e T+ 1, e b(TRIS) e Se T
(10)

where T is the temperature in Kelvin in the interval 278.15 < T <
313.15 (i.e. 5-40 °C), b(TRIS) the TRIS molality in mol kg ! H,0, and §
the nominal practical salinity in the interval 5 < § < 40.

The extrapolated pHy value at 0 mol kg~! H,0 TRIS molality can
then simply be calculated by inserting b(TRIS) = 0 mol kg~! Hy0. We

used the stats::glm function and weighted the pHr values with — @1111)2 for

the fit. The MASS::stepAIC function was used to do stepwise model se-
lection based on the Akaike Information Criterion (AIC) (Venables and
Ripley, 2002). The number of necessary digits in the coefficients was
determined by checking with how many digits the calculated pHy value
of the function stabilised.

The uncertainty of the fitted function is discussed in Schafer et al.
(2025).

The fitted function allows computing pHy values of an ASW sample
at a given practical salinity and temperature and zero TRIS molality.
Additionally, it can be used to calculate the pHr at zero TRIS molality
from the measured pHr value of an ASW/TRIS buffer at a given TRIS
buffer molality.

Alternatively, it would have been possible to calculate a fitted
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function pHr(S, T) at zero TRIS molality from pHr values received from
a linear extrapolation of the pHy values measured at molalities 0.025
and 0.04 mol kg~! H,0 for each salinity and temperature individually.
However, this approach was less robust against statistical variations of
the measurements results and was therefore discarded.

2.7. Spectrophotometric measurements

Spectrophotometric measurements were performed to check the
values of Kle, obtained by Miiller and Rehder (2018) agreed with the
results of this work, even though there are reasons to expect that the
former will differ, this is further discussed in section 3.3. The mea-
surements were performed at LNE on equimolal ASW/TRIS buffers of
nominal practical salinities 5, 20, 35 and 40 with b(TRIS) = b(TRIS.
HCI) = 0.025 and 0.04 mol kg~! H,0. Three replicates were performed
for each buffer.

The indicator dye, a purified mCP solution at 2 mmol/L in ultrapure
water with a pH close to that of natural seawater, was injected using a
micropipette with a volume of 60 pL. The indicator solution was made at
GEOMAR (Helmholtz Centre for Ocean Research Kiel), who purified the
dye using HPLC, and prepared the solution following the recommen-
dations of Dickson et al. (2007). Absorbance values were acquired at
434 nm and 578 nm wavelengths for the dye’s acidic and basic forms,
and at a non-absorbing wavelength of 730 nm as a baseline check. Two
dye additions were performed to correct for any pHr perturbation
coming from the dye solution, by extrapolation of the ratio R (eq. 1) to
zero dye addition. The final pHy value was calculated following the
method described in Liu et al. (2011). The ngz of the indicator dye was
calculated using coefficients given in Miiller and Rehder (2018).

The spectrophotometric pHy values were corrected to 25 °C to
compare them. To this end, the potentiometric characterization of the
buffers made at temperatures between 5 °C and 40 °C was used to
determine relations of pHr dependence on temperature for all the
studied salinities. These relations were used for the correction at 25 °C.

3. Results and discussion
3.1. Equivalence of results between the three NMIs

Fig. 1 illustrates the pHry results at three TRIS molalities, salinity 35
and 25 °C that have been measured by the three NMIs to estimate the
equivalence of the measurements. Measurement points of each NMI
represent the mean of repeated measurements, with its associated
expanded uncertainty (k = 2). The values and associated expanded
uncertainties were computed and provided by each institute. From the
compatibility tests performed at 25 °C and 30 °C, both for salinities 5
and 35, the maximum standard deviation between the three NMIs for
specific TRIS molalities is 0.0048 pHy units with a mean standard de-
viation of 0.0020. These data are within the expanded uncertainties of
the measurements, presented as error bars in Fig. 1 for salinity 35 and
25 °C, which demonstrates the equivalence among NMIs.

DelValls and Dickson (1998) also conducted measurements on TRIS
buffers of various TRIS molalities for a nominal practical salinity of 35
and at 25 °C. They derived from their results a function represented by
the dotted line in Fig. 1 (which has here been adjusted to use the same
conversion to an amount content basis as in eq. 5, about —0.0008 in
pHr).

Fig. 1 demonstrates the equivalence of measurements between the
three NMIs, and shows the results are consistent with the non-linear
behaviour predicted by Clegg et al. (2022) for TRIS buffers at low
buffer molalities (below 0.02 mol kg’1 H50). Their calculation indeed
suggests that pHy for buffers with a molality of TRIS of 0.01 mol kg !
H,0 should be less than at 0.025 mol kg~! H,O by about 0.0008 at
salinity 35 and 25 °C. Here the non-linearity seems to be more pro-
nounced with a discrepancy in the extrapolated value of about —0.003
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pHr units if the values at b(TRIS) = b(TRIS.HCI) = 0.01 mol kg~ ! H,0
are included. In contrast, the non-linear behaviour is observed in only a
few of the results of DelValls & Dickson, who conducted measurements
with TRIS buffers having TRIS molalities as low as 0.005 mol kg’1 H50.

3.2. Fitted function

The fitted function which gives equimolal TRIS buffer pHr as a
function of salinity, temperature and TRIS molality (eq. 10) was
computed from Harned cell measurements of TRIS buffers with
b(TRIS) = b(TRIS.HCI) = 0.025 and 0.04 mol kg~ H,0, as described in
Section 2.6. All pHr measurement results can be found in the Zenodo
Repository  (https://doi.org/10.5281/zenodo.14964822). The co-
efficients to be used in eq. 10 are given in Table 2. The coefficients I, I
and l, in eq. 10 have a value of zero, and are thus not reported in Table 2.

It should be noted that to convert the pH; values given by the fitted
function, (1) to pH,, values (i.e. in molality-basis), or (2) to the pH;
values obtained with the wg,o conversion factor presented by DelValls
and Dickson (1998), an adjustment on only the salinity term h; oS is
needed (eq. 10). For (1), add +1g(1 — 0.0010047 e S) and for (2), add +

Fig. 2 shows, for each temperature, the fitted function as a function
of salinity calculated with eq. 10 for b(TRIS) = b(TRIS.HCl) = 0.025 and
0.04 mol kg~ H,0, together with the measured pHy values, excluding
the discarded values (see section 2.6.1).

The pHr of TRIS buffers for a pure artificial seawater matrix were
then obtained by applying b(TRIS) = b(TRIS.HCl) = 0 mol kg~ H,0 to
the fitted function. Fig. 3 shows these extrapolated pHy values obtained
in that way as a function of nominal practical salinity for each of the
eight temperatures studied (5-40 °C).

Fig. 4 shows, for all salinities and at 5 °C, 25 °C and 40 °C, the
comparison of the fitted function obtained in this study with previous
work available in the literature. The fitted functions from DelValls and
Dickson (1998) and Miiller et al. (2018) studies were corrected to take
into account the different way of converting the pHy values to amount
content. The figure shows good agreement between studies for pHr
values above salinity 20. However, discrepancies occur for lower
salinities.

Miiller and co-workers studied pHr of TRIS buffers, having the same
TRIS molalities, but deviating ASW compositions, in the interval of
salinity 5-20 with an added measurement at salinity 35, and in the
temperature interval 5-45 °C. DelValls and Dickson (1998) studied the
equimolal TRIS buffer for b(TRIS) = b(TRIS.HCI) = 0.04 mol kg~ H,0
in the salinity interval 20-40 and temperature interval 045 °C. Miiller
and co-workers combined their results with those of DelValls and

Table 2
Coefficients to be used in the fitted function given by eq. 10.

Coefficient Multiplier Value

g 1 —8.369385954810" 2
hy S 1.8652734033¢10" 2
hs S? —1.360576027110" 1
hs s3 2.4396571566010™-1
i T —2.4105706890010-1
i In(T) 1.4637804352¢10" 2
i3 1/T 2.4705268460010" 4
J1 SeT 5.425415570010™-2
J2 S%eT —4.0142626000010-3
J3 SBeT 7.2290700000010°-5
ja Seln(T) —3.269013591610" 1
Js 52 o In(T) 2.3891658058¢10° 0
Je S o In(T) —4.2866503610010™-2
ky S/T —4.904162673710" 3
ko s2/T 3.5485055280010" 2
ks S8)T —6.3457349499¢10° 0
I b(TRIS) 8.8398941470e10™-2
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Dickson to compute a fitted function giving pHr values of TRIS buffers as
a function of salinity, temperature and molality of TRIS in the whole
interval of nominal practical salinity 5-40. This function, from Miiller
et al. (2018), is illustrated by large dashes in Fig. 4.a-c.

Mosley et al. (2004) also studied pHr of TRIS buffers of b(TRIS) =
b(TRIS.HCI) = 0.04 mol kg ! H,0 at 25 °C for estuarine waters, i.e. for
low salinities. They computed their function with that from DelValls and
Dickson (1998) for S > 20 and from Bates and Hetzer (1961a, 1961b)
that performed measurements on TRIS buffers made in pure water.
However, lack of measurements in-between low salinities and S > 20, as
well as high standard deviation between measurements of Bates and
Hetzer (1961a, 1961b), raises questions about the robustness of the
resulting fitted function. It is thus not presented in Fig. 4.a-c, nor further
discussed.

Fig. 4.a-c shows good agreement between all fitted functions pre-
sented for salinities between 20 and 40 (i.e. discrepancies <0.003 pHt
units). Moreover, the pHr of ASW/TRIS buffer with a molality of
b(TRIS) = b(TRIS.HCl) = 0.04 mol kg~ H,0 at salinity 35 and 25 °C has
previously been reported in literature many times. Our fitted function
also shows good agreement with these studies with a maximum
discrepancy of 0.002 (Capitaine et al., 2023b; Papadimitriou et al.,
2016; Pratt, 2014).

However, the discrepancy between our model and the one of Miiller
et al. (2018) increases for salinities below 20, especially at high tem-
peratures. Miiller et al. (2018) computed the composition of their
equimolal TRIS buffers with b(TRIS) = b(TRIS.HCI) = 0.025 and 0.01
mol kg~! H,0 taking as reference the composition at salinity 20 of
DelValls and Dickson for b(TRIS) = b(TRIS.HCI) = 0.04 mol kg~ H,0.
They also computed the composition of TRIS buffers at lower salinities
from this reference composition. To this end, they have used eq. 1 of
Miiller et al. (2018). However, this equation leads to a difference of the
composition of ASW compared to the reference composition of ASW
(Clegg et al., 2022). To keep the salinity of a TRIS buffer constant when
adding HCI, all salt molalities were changed to compensate for the
addition of HCl instead of only changing the molality of NaCl. This re-
sults in different sulphate molalities between the three equimolal buffers
at a given salinity and affects the chemical equilibria defining pHr.
Using those pHr values to extrapolate to b(TRIS) = b(TRIS.HCI) = 0 mol
kg~ ! H,0 leads to biases in the range — 0.005 to —0.01 pHy units at the
extrapolated composition of pure ASW, and at 25 °C, according to Clegg
et al. (2022). The maximum bias observed for extrapolated values be-
tween the function presented in this study and the one of Miiller et al.
(2018) is of —0.014 for salinity 15 at 40 °C.

In contrast, Miiller and co-workers used the same composition as
DelValls and Dickson for their measurement at salinities 20 and 35,
where good agreement is found. This proves the overall equivalence of
the quality of the measurements of all these studies.

Likewise, the present study reproduces the measurements of DelValls
and Dickson (1998) for the equimolal TRIS buffer of b(TRIS) = b(TRIS.
HCI) = 0.04 mol kg ! H,0 for salinities from 20 to 40 and temperatures
from 5 °C to 40 °C. The maximum discrepancy between pHr values
presented in Fig. 4.d-f for this study and one of DelValls and Dickson
(1998) is —0.0022, being within expanded uncertainties of measure-
ments. No significant dependence of the discrepancy on temperature
and salinity can be observed. Additionally, our results are in agreement
with the measurements of DelValls and Dickson (1998) performed on a
TRIS buffer of b(TRIS) = b(TRIS.HCI) = 0.01 mol kg ! H0 at salinity
35 and 25 °C. Since we have used the same procedures as DelValls and
Dickson (1998) for sample preparation, this agreement in the range of
salinity 20-40 validates the approach to obtain the pHy values for lower
salinities (5-20), giving confidence in the final fitted function.

The preparation and characterization methods for ASW/TRIS buffers
can be considered reproducible, as they show good agreement with
previous studies when the same methodology is applied (Fig. 4). A future
application of this work would be to characterize the dye using freshly
prepared ASW/TRIS buffers, assigning pHy values derived from the
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Fig. 2. Fitted function given by eq. 10 and coefficients from Table 2 as a function of temperature and nominal practical salinity. (1) red (a) and blue (@) represent
Harned cell measurements data points made for b(TRIS) = b(TRIS.HCl) = 0.025 and 0.04 mol kg~! H,0, respectively. (2) thin red and dotted blue lines represent the
fitted function for b(TRIS) = b(TRIS.HCI) = 0.025 and 0.04 mol kg~ H,0, respectively. The excluded data are also presented with grey ([J) representing Harned cell
measurements data points made for b(TRIS) = b(TRIS.HCl) = 0.01 mol kg~! H,0; (A) and (o) representing excluded data points at salinity 20 for all temperatures,
and at salinity 25 at 40 °C; more details are given in section 2.6.1. (color only in the online version). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

fitted function presented here.

It should be noted, however, that using updated coefficients for dye
characterization may affect the comparability of spectrophotometric
pH: measurements. For instance, the pHr of ASW/TRIS buffers at b
(TRIS) = b(TRIS-HCI) = 0.04 mol kg_leO—used in earlier dye char-
acterizations (Liu et al., 2011)—appears to be approximately 0.0035
units higher than the value extrapolated to zero TRIS molality. This
suggests a systematic bias across salinity and temperature, which could
potentially be corrected. Nevertheless, the application of any such

correction must be thoroughly investigated and carefully discussed
within both the metrological and oceanographic communities.

3.3. Spectrophotometric measurements

Fig. 5 shows the difference between the fitted function (eq. 10) and
spectrophotometric measurements performed at LNE at 25 °C on the two
equimolal TRIS buffers of b(TRIS) = b(TRIS.HCI) = 0.025 and 0.04 mol
kg’1 H>O for salinities 5, 20, 35 and 40. The mean deviation between the
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Fig. 3. Fitted function given by eq. 10 and coefficients from Table 2 as a
function of nominal practical salinity for equimolal b(TRIS) and b(HCI) equal to
0 mol kg~! H,0, at each studied temperature. The results go in order of
increasing temperature from the top to the bottom of the plot with alternating
dashed and straight lines for more clarity.

fitted function and the spectrophotometric pHy value is of —0.0009.

The spectrophotometric measured pHr values are calculated from
KZe values from Miiller and Rehder (2018) which corresponds to values
at b(TRIS) = 0 mol kg’1 H50. The coefficients given in Miiller and
Rehder (2018) for the calculation of KLe, seem to give pHr values that
are in agreement with the fitted function presented in this paper for the
four buffers tested at 25 °C, even for salinity 5. The maximum discrep-
ancy is —0.0051 pHr units, which is lower than the expanded uncer-
tainty (k = 2) of the spectrophotometric pHy results, estimated to be
around 0.01 (Capitaine et al., 2023a; Carter et al., 2013; DeGrandpre
et al., 2014). For comparison, from the same spectrophotometric mea-
surements, pHy values were calculated with the coefficient given in Liu
et al. (2011) for salinities 20, 35 and 40 (as they do not provide co-
efficients for salinities below 20). It gave a maximum discrepancy of
0.0037 pHr units.

The TRIS buffer composition made by Miiller et al. (2018) is not the
one commonly used, and resulting values do not extrapolate truly to
pure ASW. The use of KJe, values from Miiller and Rehder (2018) might
thus introduce an inconsistency in the subsequent spectrophotometric
pHr calculation. Kle, values were computed based on the knowledge of
TRIS buffers pHry values, themselves computed from their fitted function
for a pure ASW (b(TRIS) = 0 mol kg~! H,0). The discrepancy between
the pHr values obtained from the fitted function presented in our study
and the one of Miiller et al. (2018) for a pure ASW at 25 °C and in the
range of salinities 5-40, vary between —0.004 and 0.010. The suitability
of coefficients given in Miiller and Rehder (2018) must be investigated
on a large data set, for example for a TRIS buffer of salinity 15 at 40 °C,
where the biggest discrepancy was obtained in extrapolated pHy values
compared to our study, as well as on natural seawater samples. It should
indeed be noted that ngz values extrapolated to b(TRIS) = 0 mol kg_l
H20 are highly relevant for spectrophotometric measurements on nat-
ural seawater, while measurements on TRIS buffers could benefit from
KZe, values for specific TRIS molalities or from corresponding correc-
tions. This may explain the observation outlined in Fig. 5 that spectro-
photometric pHyr values for equimolal TRIS buffers of the highest
molality (i.e. 0.04 mol kg~! Hy0) seem to give systematically lower
values compared to TRIS buffers at molalities 0.025 mol kg ~! H,0. This
should be further investigated. All the more, as the deviation of the fitted
function for pHr of Miiller et al. (2018) shows a larger, positive

10

Marine Chemistry 273 (2025) 104551

deviation for TRIS buffer at 0.04 mol kg~! Hy0 in the low salinity in-
terval (see Fig. 4.a-c).

4. Traceability of potentiometric pHt measurements

The work presented, by linking TRIS buffers pHr values to a pure
artificial seawater matrix, and thus to a true pHr scale, offers improved
metrological traceability of pHt measurements.

Metrological traceability is defined as the “property of a measure-
ment whereby the result can be related to a reference through a docu-
mented unbroken chain of calibrations, each contributing to the
measurement uncertainty” (JCGM 200:2012, 2012). Metrological
traceability is ideally established to the International System of Units
(SD) as it is the most stable reference. There are certain cases where this
cannot be achieved, for example, if the measurement procedure requires
making approximations that are not fully mastered or do not have
quantified uncertainties. In this case, the reference can either be a
reference material or a common procedure.

The route of traceability of routine seawater pHt spectrophotometric
measurement results is currently established to the commonly accepted
measurement procedure of the primary pH potentiometric measurement
method, i.e. Harned cell measurement method. This is achieved through
the ASW/TRIS buffer solutions that allow the characterization of the
indicator dye (Liu et al., 2011; Loucaides et al., 2017; Miiller and
Rehder, 2018).

This measurement method lacks direct metrological traceability to
the SI units, due to the assumptions required for the interpretation of the
measurements, as expressed in section 2.3. Indeed, the conventional
thermodynamic and operational total pH definitions (pH}Jn and pHy,,
respectively) differ as shown by Fig. 6 (Dickson et al., 2016).

In Fig. 6, yHC is the mean activity coefficient of HC, b(SO3 ") the
molality of sulphate ions (mol kg ' H,0) and Kb(HSO;) the molality-
based dissociation constant of bisulphate ions.

The two components with the “trace” superscripts in Fig. 6 indicate
quantities in a pure artificial seawater composition and b" (SO; ) is the
total sulphate molality in pure ASW.

-
If it is assumed that, in TRIS buffers, 1 + %&L
(Hsoy)

equivalent to their limiting values in pure ASW (Clegg et al., 2022), the
pH}'rn definition in Fig. 6 can be simplified under this assumption to give

the so called operational potentiometric pHr 5, (eq. 2).

and yHCIl are

o
b 504

+I(b HSO;)
terms are

For simplicity, the —2Ig (ﬂﬁm> and —Ig iCh

Kb (HSD; ) frace
below referred to as the “yHCl term” and “Kb(HSO,) term”,
respectively.

Achieving traceability of pHr potentiometric measurement results to
SI units would require the quantification of the yHCI and Kb(HSO;)
terms as well as their uncertainties, which cannot be achieved experi-
mentally.

The difference between conventional thermodynamic and opera-
tional potentiometric pHr (Fig. 6), coming from the yHCl and Kb(HSO} )
terms, has been studied by Clegg et al. (2022) using a Pitzer based
speciation model. It has been assessed to be 0.0045 + 0.0014 for an
equimolal TRIS buffer with b(TRIS) = b(TRIS.HCl) = 0.04 mol kg~ ! H»0
in ASW of nominal salinity 35 at 25 °C.

It was suggested by Clegg et al. (2022) that for a pure artificial
seawater matrix, pHy, ,, and pHy, values are identical (i.e. for b(TRIS) =
b(TRIS.HCl) = 0 mol kg~ ! H,0) (see Fig. 12a of Clegg et al., 2022). They
also suggest that the yHCl and Kb(HSO}) terms are expected to tend
linearly toward zero as buffer molality is reduced. SI traceability of TRIS
buffers might thus be established solely from measurements through
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Fig. 4. a-c) pHy fitted functions at 5 °C, 25 °C and 40 °C computed in this study, in Miiller et al. (2018) and in DelValls and Dickson (1998); represented by the
straight line, large dashes and dots, respectively. The thin pink and thick blue functions correspond to equimolal buffers of b(TRIS) = b(TRIS.HCI) = 0.025 and 0.04
mol kg~ H,0, respectively. d-f) Discrepancy between the pHy fitted functions at 5 °C, 25 °C and 40 °C computed in this study and in DelValls and Dickson (1998) for
the equimolal buffer of b(TRIS) = b(TRIS.HCI) = 0.04 mol kg~ H,0. (color also in the printed version).

relation to a pure artificial seawater (i.e. without TRIS and TRIS.HCI).

The use of the speciation model may in the future assist this process
by providing constraints on, for example, the slope of the relationship
between pH;,, and TRIS buffer molality. A sufficiently accurate and
validated model would also be able to determine pHy ,, values for finite
buffer molalities, including the hypothetical value for pure artificial
seawater. This could be of great help in the objective of making SI
traceable reference materials available to the oceanographic commu-
nity. However, the model defined by Clegg and co-workers needs first to
be validated and to be improved for key interactions. Uncertainties
associated with the relevant Pitzer interactions parameters must also be
thoroughly assessed. Moreover, it should be noted that while the activity
coefficients of ions involved in acid-base equilibria in pure artificial
seawater (ASW) are the closest approximation, they do not exactly
represent those in natural seawater.

5. Conclusion

This paper presents the characterization of equimolal ASW/TRIS
buffers in the intervals of nominal practical salinity 5-40 and temper-
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ature 5-40 °C with respect to their operational potentiometric pHr
values, performed with Harned cells at three National Metrology In-
stitutes. These measurements allowed the computation of a fitted
function giving pHr values of equimolal ASW/TRIS buffers depending
on salinity, temperature and TRIS molality. For the first time, the
experimental data covered in the same study (i.e. using a consistent
methodology) the ranges of salinities and temperatures that are most
relevant in oceanography. This fitted function allows computation of
pHr values of a pure artificial seawater matrix (i.e. without TRIS and
TRIS.HCI contribution) for the aforementioned salinity and temperature
ranges. These values are relevant to characterize the indicator dye used
for spectrophotometric measurements by better representing its
response in real seawater. The uncertainties associated to the pHy values
obtained with the fitted function are detailed in the second part of this
paper “pHr measurements of TRIS buffer solutions in artificial seawater
matrix in the salinity range 5-40 and temperature range 5-40 °C. Part 2:
uncertainty quantification” (Schafer et al., 2025).

The consistency with the reference work of DelValls and Dickson
(1998) gives confidence in the fitted function for nominal practical sa-
linities as low as 5, and the extrapolation to pure artificial seawater. This
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work, together with previous study of Clegg et al. (2022) is an important
step to establish traceability for potentiometric pHt measurement re-
sults of ASW/TRIS buffers, and, subsequently, for spectrophotometric
measurements of natural seawater.

It will subsequently be necessary to characterize the indicator dye
based on the fitted function presented. This will support the extension of
the spectrophotometric pHt measurement method to cover a practical
salinity range of 5-40 and a temperature range of 5-40 °C, while also
laying the groundwork for establishing traceability to SI units in end-
user measurements.

However, there are still a few concerns regarding the establishment
of traceability of routine spectrophotometric measurements: (1) refer-
ence materials used for the spectrophotometric pHy measurement
method are currently not certified for pure artificial seawater, (2) the
effect of impurities in mCP and (3) the practical salinity measured of a
natural seawater sample and used to calculate the pHr is not traceable to
the SI (Seitz et al., 2011).

The implications of the differences identified in this study compared
to previous work—specifically, the definition of water mass fraction in
ASW/TRIS buffers and the extrapolation of their pHr values to zero TRIS
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molality—must be carefully evaluated and discussed by both the
metrological and oceanographic communities. Ultimately, this work
provides a valuable foundation for dialogue and collaboration between
these two fields.

Data statement

All data involved in the computation of the results are presented
either in the manuscript, the Supplementary Material or the Zenodo
Repositories (Data: https://doi.org/10.5281/zenodo.14964822; Code:
https://doi.org/10.5281/zenodo.14964817). Any other specific infor-
mation will be made available on demand.

CRediT authorship contribution statement

Gaélle Capitaine: Writing — original draft, Visualization, Validation,
Methodology, Investigation, Formal analysis. Rieke Schafer: Writing —
original draft, Visualization, Validation, Software, Methodology,
Investigation, Formal analysis, Data curation. Frank Bastkowski:
Writing — review & editing, Methodology, Investigation, Conceptuali-
zation. Daniela Stoica: Writing — review & editing, Methodology,
Conceptualization. Olivier Pellegrino: Writing — review & editing,
Methodology, Investigation. Raquel Quendera: Writing — review &
editing, Methodology, Investigation, Conceptualization. Eric P. Ach-
terberg: Writing — review & editing, Supervision. Thibaut Wagener:
Writing — review & editing, Supervision. Simon L. Clegg: Writing —
review & editing. Steffen Seitz: Writing — review & editing, Supervision,
Funding acquisition, Conceptualization. Paola Fisicaro: Writing — re-
view & editing, Supervision, Funding acquisition, Conceptualization.

Funding
This work was supported by the Joint Research Project EMPIR

20NRMO06 SApHTIES, which received funding from the EMPIR Pro-
gramme co-financed by the Participating States and from the European



G. Capitaine et al.

Union’s Horizon 2020 Research and Innovation Programme. Gaélle
Capitaine was supported by the CIFRE scholarship n° 2021,/0220 pro-
vided by ANRT (Association Nationale de la Recherche et de la
Technologie).

Acknowledgments

Gaélle Capitaine acknowledges Anton Petrenko and Vincent Rosta-
ing for their support on conducting the experiments at LNE.

We would like to thank Dr. Thomas Schmelter for his help with
determining the best distribution of HCI concentrations for the compu-
tation of E** values.

We thank DFM and SMU for the coulometric characterization of
chemical products used in this study.

We also acknowledge the editors and reviewers for their valuable
inputs to the paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marchem.2025.104551.

Data availability

Additional data than ones presented in the manuscript, the SM or the
repositories (https://doi.org/10.5281/zenodo.14964822; https://doi.
org/10.5281/zenodo.14964817) will be made available on demand.

References

Bates, R.G., 1973. Determination of pH: Theory and Practice. John Wiley&Sons, USA.

Bates, R.G., Hetzer, H.B., 1961. Dissociation constant of the protonated acid form of 2-
amino-2-(hydroxyme- thyl)-1,3-propanediol [tris-hydroxymethyl-aminomethane]
and related thermodynamic quantities from 0 to 50°. J. Phys. Chem. 65, 667-671.
https://doi.org/10.1021/j100822a017.

Buck, R.P., Rondinini, S., Covington, A.K., Baucke, F.G.K., Brett, C.M.A., Camoes, M.F.,
Milton, M.J.T., Mussini, T., Naumann, R., Pratt, K.W., Spitzer, P., Wilson, G.S., 2002.
Measurement of pH. Definition, standards, and procedures (IUPAC
recommendations 2002). Pure Appl. Chem. 74, 2169-2200. https://doi.org/
10.1351/pac200274112169.

Byrne, R.H., Breland, J.A., 1989. High precision multiwavelength pH determinations in
seawater using cresol red. Deep Sea Res. A 36, 803-810. https://doi.org/10.1016/
0198-0149(89)90152-0.

Capitaine, G., Demeyer, S., Stoica, D., Alliouane, S., Petton, S., Rimmelin-Maury, P.,
Savoye, N., Wagener, T., Fisicaro, P., 2023a. Inter-laboratory Comparison on a
Reference Material for Seawater Spectrophotometric pHT Measurements. La
Valletta, Malta, pp. 11-15. https://doi.org/10.1109/
MetroSea58055.2023.10317274.

Capitaine, G., Stoica, D., Wagener, T., Fisicaro, P., 2023b. Production of a reference
material for seawater pHT measurements by a National Metrology Institute. Mar.
Chem. 252, 104244. https://doi.org/10.1016/j.marchem.2023.104244.

Carter, B.R., Radich, A., Doyle, H.L., Dickson, A.G., 2013. An automated system for
spectrophotometric seawater pH measurements. Limnol. Oceanogr. Methods 16-27.
https://doi.org/10.4319/lom.2013.11.16.

CCQM, 2013. Guidance Note: Estimation of a Consensus KCRV and Associated Degrees of
Equivalence.

CFM, 2017. Guide d’étalonnage des spectrophotometres (Afnor EDITIONS).

Clayton, T.D., Byrne, R.H., 1993. Spectrophotometric seawater pH measurements: total
hydrogen ion concentration scale calibration of m-cresol purple and at-sea results.
Deep-Sea Res. I Oceanogr. Res. Pap. 40, 2115-2129. https://doi.org/10.1016/0967-
0637(93)90048-8.

Clegg, S.L., Humphreys, M.P., Waters, J.F., Turner, D.R., Dickson, A.G., 2022. Chemical
speciation models based upon the Pitzer activity coefficient equations, including the
propagation of uncertainties. II. Tris buffers in artificial seawater at 25 °C, and an
assessment of the seawater ‘Total’ pH scale. Mar. Chem. 244, 104096. https://doi.
org/10.1016/j.marchem.2022.104096.

DeGrandpre, M.D., Spaulding, R.S., et al., 2014. Considerations for the measurement of
spectrophotometric pH for ocean acidification and other studies. Limnol. Oceanogr.
Methods 12, 830-839. https://doi.org/10.4319/lom.2014.12.830.

DelValls, T.A., Dickson, A.G., 1998. The pH of buffers based on 2-amino-2-hydroxy-
methyl-1,3-propanediol (‘tris’) in synthetic sea water. Deep-Sea Res. I Oceanogr. Res.
Pap. 45, 1541-1554. https://doi.org/10.1016/50967-0637(98)00019-3.

Dickson, A.G., 1990. Standard potential of the reaction: AgCI(s) + 12H2(g) = Ag(s) +
HCl(aq), and and the standard acidity constant of the ion HSO4— in synthetic sea
water from 273.15 to 318.15 K. J. Chem. Thermodyn. 22, 113-127. https://doi.org/
10.1016/0021-9614(90)90074-Z.

13

Marine Chemistry 273 (2025) 104551

Dickson, A.G., Sabine, C.L., Christian, J.R. (Eds.), 2007. Guide to Best Practices for Ocean
CO2 Measurements PICES Special Publication, 3, p. 191.

Dickson, A.G., Camoes, M.F., Spitzer, P., Fisicaro, P., Stoica, D., Pawlowicz, R.,

Feistel, R., 2016. Metrological challenges for measurements of key climatological
observables. Part 3: seawater pH. Metrologia 53, R26. https://doi.org/10.1088/
0026-1394/53/1/R26.

Douglas, N.K., Byrne, R.H., 2017. Spectrophotometric pH measurements from river to
sea: calibration of mCP for 0 <S< 40 and 278.15 <T< 308.15 K. Mar. Chem. 197,
64-69. https://doi.org/10.1016/j.marchem.2017.10.001.

Fong, M.B., 2021. Uncertainty of Spectrophotometric pH Measurements in Seawater and
Implications for Ocean Carbon Chemistry. UC San Diego.

Friedlingstein, P., O’Sullivan, M., Jones, M.W., Andrew, R.M., Hauck, J.,

Landschiitzer, P., Le Quéré, C., Li, H., Luijkx, L.T., Olsen, A., Peters, G.P., Peters, W.,
Pongratz, J., Schwingshackl, C., Sitch, S., Canadell, J.G., Ciais, P., Jackson, R.B.,
Alin, S.R., Arneth, A., Arora, V., Bates, N.R., Becker, M., Bellouin, N., Berghoff, C.F.,
Bittig, H.C., Bopp, L., Cadule, P., Campbell, K., Chamberlain, M.A., Chandra, N.,
Chevallier, F., Chini, L.P., Colligan, T., Decayeux, J., Djeutchouang, L., Dou, X.,
Duran Rojas, C., Enyo, K., Evans, W., Fay, A., Feely, R.A., Ford, D.J., Foster, A.,
Gasser, T., Gehlen, M., Gkritzalis, T., Grassi, G., Gregor, L., Gruber, N., Giirses, 0.,
Harris, 1., Hefner, M., Heinke, J., Hurtt, G.C., lida, Y., Ilyina, T., Jacobson, A.R.,
Jain, A., Jarnikova, T., Jersild, A., Jiang, F., Jin, Z., Kato, E., Keeling, R.F., Klein
Goldewijk, K., Knauer, J., Korsbakken, J.I, Lauvset, S.K., Lefevre, N., Liu, Z., Liu, J.,
Ma, L., Maksyutov, S., Marland, G., Mayot, N., McGuire, P., Metzl, N., Monacci, N.
M., Morgan, E.J., Nakaoka, S.-I., Neill, C., Niwa, Y., Niitzel, T., Olivier, L., Ono, T.,
Palmer, P.I, Pierrot, D., Qin, Z., Resplandy, L., Roobaert, A., Rosan, T.M.,
Rodenbeck, C., Schwinger, J., Smallman, T.L., Smith, S., Sospedra-Alfonso, R.,
Steinhoff, T., Sun, Q., Sutton, A.J., Séférian, R., Takao, S., Tatebe, H., Tian, H.,
Tilbrook, B., Torres, O., Tourigny, E., Tsujino, H., Tubiello, F., van der Werf, G.,
Wanninkhof, R., Wang, X., Yang, D., Yang, X., Yu, Z., Yuan, W., Yue, X., Zaehle, S.,
Zeng, N., Zeng, J., 2024. Global Carbon Budget 2024. Earth System Science Data
Discussions, pp. 1-133. https://doi.org/10.5194/essd-2024-519.

IPCC, 2019. 2019: technical summary. In: Portner, H.-O., Roberts, D.C., Masson-
Delmotte, V., Zhai, P., Tignor, M., Poloczanska, E., Mintenbeck, K., Alegria, A.,
Nicolai, M., Okem, A., Petzold, J., Rama, B., Weyer, N.M. (Eds.), IPCC Special Report
on the Ocean and Cryosphere in a Changing Climate. Cambridge University Press,
Cambridge, UK and New York, NY, USA, pp. 39-69. https://doi.org/10.1017/
9781009157964.002.

JCGM 200:2012, 2012. International Vocabulary of Metrology (VIM) — Basic and
General Concepts and Associated Terms.

Liu, X., Patsavas, M.C., Byrne, R.H., 2011. Purification and characterization of meta-
cresol purple for spectrophotometric seawater pH measurements. Environ. Sci.
Technol. 4862-4868.

Loucaides, S., Rerolle, V.M.C., Papadimitriou, S., Kennedy, H., Mowlem, M.C.,
Dickson, A.G., Gledhill, M., Achterberg, E.P., 2017. Characterization of meta-Cresol
Purple for spectrophotometric pH measurements in saline and hypersaline media at
sub-zero temperatures. Sci. Rep. 7, 2481. https://doi.org/10.1038/541598-017-
02624-0.

Millero, F., Feistel, R., Wright, D., McDougall, T., 2008. The composition of standard
seawater and the definition of the Reference-Composition Salinity Scale. Deep Sea
Res. I 55, 50-72. https://doi.org/10.1016/j.dsr.2007.10.001.

Mosley, L.M., Husheer, S.L.G., Hunter, K.A., 2004. Spectrophotometric pH measurement
in estuaries using thymol blue and m-cresol purple. Mar. Chem. 91, 175-186.
https://doi.org/10.1016/j.marchem.2004.06.008.

Miiller, J.D., Rehder, G., 2018. Metrology of pH measurements in brackish Waters—part
2: experimental characterization of purified meta-cresol purple for
spectrophotometric pHT measurements. Front. Mar. Sci. 0. https://doi.org/10.3389/
fmars.2018.00177.

Miiller, J.D., Bastkowski, F., Sander, B., Seitz, S., Turner, D.R., Dickson, A.G., Rehder, G.,
2018. Metrology for pH measurements in brackish waters—part 1: extending
electrochemical pHT measurements of TRIS buffers to salinities 5-20. Front. Mar.
Sci. 5, 176. https://doi.org/10.3389/fmars.2018.00176.

Nemzer, B.V., Dickson, A.G., 2005. The stability and reproducibility of Tris buffers in
synthetic seawater. Mar. Chem. 96, 237-242. https://doi.org/10.1016/j.
marchem.2005.01.004.

Papadimitriou, S., Loucaides, S., Rérolle, V., Achterberg, E.P., Dickson, A.G.,

Mowlem, M., Kennedy, H., 2016. The measurement of pH in saline and hypersaline
media at sub-zero temperatures: characterization of Tris buffers. Mar. Chem. 184,
11-20. https://doi.org/10.1016/j.marchem.2016.06.002.

Pratt, K.W., 2014. Measurement of pHT values of Tris buffers in artificial seawater at
varying mole ratios of Tris:Tris-HCl. Mar. Chem. 162, 89-95. https://doi.org/
10.1016/j.marchem.2014.03.003.

R Core Team, 2023. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Rastelli, E., Petani, B., Corinaldesi, C., Dell’Anno, A., Lo Martire, M., Cerrano, C.,
Danovaro, R., 2020. A high biodiversity mitigates the impact of ocean acidification
on hard-bottom ecosystems. Sci. Rep. 10, 2948. https://doi.org/10.1038/s41598-
020-59886-4.

Schéfer, R., Capitaine, G., Bastkowski, F., Pellegrino, O., Quendera, R., Wagener, T.,
Achterberg, E., Fisicaro, P., Seitz, S., 2025. pHT Measurements of TRIS Buffer
Solutions in Artificial Seawater Matrix in the Salinity Range 5-40 and Temperature
Range 5-40 °C. Part 2: Uncertainty Quantification (in preparation).

Seidel, M.P., DeGrandpre, M.D., Dickson, A.G., 2008. A sensor for in situ indicator-based
measurements of seawater pH. Mar. Chem. 109, 18-28. https://doi.org/10.1016/j.
marchem.2007.11.013.



G. Capitaine et al.

Seitz, S., Feistel, R., Wright, D.G., Weinreben, S., Spitzer, P., De Bievre, P., 2011.
Metrological traceability of oceanographic salinity measurement results. Ocean Sci.
7, 45-62. https://doi.org/10.5194/0s-7-45-2011.

Venables, W.N., Ripley, B.D., 2002. Modern Applied Statistics with S, Fourth ed.
Springer, New York. iSBN 0-387-95457-0.

Viechtbauer, W., 2010. Conducting meta-analyses in R with the metafor package. J. Stat.
Softw. 36, 1-48. https://doi.org/10.18637/jss.v036.103.

Yin, T., Papadimitriou, S., Rérolle, V.M.C., Arundell, M., Cardwell, C.L., Walk, J.,
Palmer, M.R., Fowell, S.E., Schaap, A., Mowlem, M.C., Loucaides, S., 2021. A novel
lab-on-chip spectrophotometric pH sensor for autonomous in situ seawater
measurements to 6000 m depth on stationary and moving observing platforms.
Environ. Sci. Technol. 55, 14968-14978. https://doi.org/10.1021/acs.est.1c03517.

Glossary of symbols

K?: meta-Cresol Purple dissociation constant

e,: meta-Cresol Purple molar extinction coefficient ratio
T: Temperature (K or °C)

S: Nominal Practical Salinity

I: Tonic strength
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pHy: Operational definition of the total pH, in amount content

pHy ,,: Operational definition of the total pH, in molality

pH7 ,: Conventional thermodynamic definition of the total pH, in molality

b: Molality, expressed in moles per kilogram of solvent, here water (mol kg™ H,0)

E: Measured potential between Standard Hydrogen electrode and silver-silver-chloride
electrode corrected to a pressure of Hy equal to 1 atm (V)

E°: Standard potential of silver-silver chloride electrode in HCl 0.01 mol kg™ Hy0 (V)

E°": Standard potential of silver-silver chloride electrode in ASW media (V)

E': Potential of silver-silver chloride electrode in saline media at a given chloride molality
(> 0 mol kg'! H,0) (V)

k: Nernstian term: % (Eq. 4)

F: Faraday constant (C mol™)

R: Gas constant (J mol™ K1)

wn,0: Water mass fraction, expressed as grams per kilogram of solution (g kg sol)

y: Activity coefficient

7HCL term: — 21g ("ﬁ%)

b(s02~
ZCH)
bT (802~

Ko(nso, )™

Kb(HSOy ) term: — Ig
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The Reference Gas Laboratory (LGR) of Portuguese Institute for Quality (IPQ) is participating in the project —
Metrology Support for Carbon Capture Utilization and Storage (MetCCUS) under the new European Partnership
on Metrology Program (EPM).

The goal of this project is to develop a metrological infrastructure that enables monitoring and detection of
carbon dioxide leaks in energy and industrial processes, in transport networks and also allow the support of a
better understanding of the life cycle of carbon dioxide.

The contribution of LGR involves the preparation of certified reference materials (CRM) to allow the mea-
surement of impurities in CO, with the associated uncertainties and metrological traceability. The study is
focused on the impurities: SO,, H,S, CO, O, and CHy. This work also involves the study of interferents based on
the analytical methods used. These CRM will provide support for the calibration and validation of instrumen-

tation used in carbon capture processes.

1. Introduction

In recent years, the growing concern surrounding climate change has
driven a substantial increase in environmental monitoring efforts. As a
result, the demand for measurements with traceability has surged,
aiming to ensure the reliability of data and minimize measurement
uncertainties. It is important to note the relevance of gas mixtures in
environmental monitoring and decarbonization research and how reli-
able gas mixtures are essential for calibrating instruments that measure
atmospheric pollutants and greenhouse gases [1]. Decarbonization re-
fers to the process of reducing carbon dioxide (CO3) emissions resulting
from human activities, with the goal of achieving a low-carbon or car-
bon-neutral economy. This is a critical strategy in addressing global
climate change, driven by the need to reduce the amount fraction of
greenhouse gases (GHGs) in the atmosphere. The accumulation of GHGs,
particularly COs, in the atmosphere leads to global warming and climate
change. High levels of CO, contribute to ocean acidification, extreme
weather events, and loss of biodiversity. Carbon Capture Utilization and
Storage (CCUS) is a set of technologies aimed at capturing CO; emissions
from industrial and energy-related sources, utilizing the captured CO5 in
various applications, or storing it in geological formations to prevent its
release into the atmosphere. Decarbonization and CCUS are integral
components of global efforts to combat climate change. While there are
significant challenges to overcome, advances in technology, supportive

policies, and collaborative efforts provide a path forward for reducing
carbon emissions and achieving a sustainable, low-carbon future [2,3].

The LGR at IPQ plays a pivotal role in this domain. It is responsible
for producing, maintaining, and development of national primary
standard gas mixtures in strict accordance with ISO 17034 [4]. These
mixtures are meticulously prepared using a gravimetric approach,
following an internal procedure aligned with the international standard
ISO 6142-1 [5], thereby guaranteeing the utmost accuracy. The gravi-
metric method is a precise approach to creating standard gas mixtures
and involves measuring the mass of each gas component accurately and
combining them in specific ratios to achieve the desired amount frac-
tion. It is also important the accuracy and precision in the preparation
process and the need for meticulous calibration of equipment and
careful handling of gases to minimize errors and ensure the reliability of
the standards. With this method we can accomplish the metrological
traceability, which ensures that measurements are consistent and com-
parable across different times and locations. This traceability is crucial
for maintaining accuracy in various scientific and industrial applications
[1,6,7,8]. The certification of these gas mixtures adheres to the inter-
national standard ISO 6143 [9,10], leveraging analytical techniques
such as gas chromatography (GC), paramagnetic sensor, non-dispersive
infrared spectroscopy (NDIR), and non-dispersive ultraviolet spectros-
copy (NDUV).
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The quality control of these measurements is enhanced through
active participation in projects and international comparisons
[11,12,13,14,15,16]. Furthermore, recognition and inclusion in the
Bureau International des Poids et Mesures (BIPM) database of Calibration
and Measurement Capabilities (CMC) strengthens their commitment to
quality [17].

The LGR’s latest contribution focuses on preparing multicomponent
gas mixtures [18] aimed at enhancing the accuracy, reliability, and
traceability of carbon metrology measurements. Specifically, this paper
outlines the work undertaken by LGR as part of the MetCCUS project.

The MetCCUS project is a collaborative European initiative aimed at
developing advanced metrological techniques to support the accurate
measurement and monitoring of carbon dioxide (CO;) emissions and
their capture, utilization, and storage processes. Started on October 1,
2022, with the participation of 21 partners and will lasts for 36 months.
This project addresses the growing need for reliable and accurate data to
ensure the effectiveness and safety of carbon management technologies,
which are critical in mitigating climate change. The primary objectives
of the MetCCUS project include development of accurate measurement
techniques, improvement of standards and calibration, support for car-
bon capture and storage (CCS) technologies and utilization of CO,
mainly in chemical manufacturing or enhanced oil recovery. The project
encompasses several key activities namely research and development,
field testing and validation, standardization and harmonization and
stakeholder engagement and training. MetCCUS represents a critical
effort in advancing the metrology of CO- measurement, with significant
implications for the effectiveness of carbon capture, utilization, and
storage technologies. By improving the accuracy and reliability of CO=
measurements, MetCCUS supports the broader goal of reducing green-
house gas emissions and combating climate change [19].

Under the MetCCUS project, the contribution of LGR involves the
preparation of CRMs to allow the measurement of impurities in CO, with
metrological traceability, providing support for methods validation and
the calibration of instrumentation used in carbon capture processes. LGR
had prepared the following bicomponent mixtures: SO, in CO5 matrix
and HsS in CO, matrix; and two multicomponent mixtures SO2+CO+05
in COy and HyS+CO+CH4+02 in COy matrix. This study successfully
characterized four polluting gases and oxygen in CO5 matrix within a
cylinder under a pressure of approximately 40 bar, and it entailed an in-
depth analysis of interferences and a stability study [20].

2. Gas mixtures preparation

As previously mentioned, reference gas mixtures are prepared ac-
cording to an internal procedure based on the gravimetric method
outlined in ISO 6142-1 [5]. The mixture was prepared by gravimetric
addition of each component. The mole fractions of the components in
the final mixtures were calculated using the following equation [5]:
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where: x; is the mole fraction of the component i in the final mixture, i =
1,....,n; P is the total number of the parent gases; n is the total number of
the components in the final mixture; my is the mass of parent gas A
determined by weighing, A=1,...... , P; M; is the molar mass of the
component i; x; 4 is the mole fraction of the component i.

The method described on ISO 6142-1 section used applies specif-
ically to gas mixtures or completely vaporized components, which can
be introduced into the cylinder in either the gas or liquid state. The
mixtures to be prepared can be either bicomponent or multicomponent.

The calculation of uncertainty associated with the amount fraction of
each component requires the evaluation of contributions stemming from
factors such weighing of source gases, purity of source gases and molar
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masses. After these three categories of standard uncertainties have been
determined, they are combined to obtain the final uncertainty corre-
sponding to the amount fraction, through the expression:

0 =30, (o) o)+ 30, () am
15340 yill Cay R

where: u(M;) — uncertainty in molar mass; U(m,) — uncertainty in
weighing; u(xjs) — uncertainty in purity analysis

In order to obtain the expanded uncertainty, the combined uncer-
tainty is multiplied by the coverage factor, k, which for a t-distribution
with v, = y effective degrees of freedom corresponds to an expanded
probability of approximately 95 %.

During the preparation of gas mixtures, aluminium cylinders with a
special coating are used to prevent the adsorption of mixture compo-
nents on the inner walls.

Following the cylinder selection, a rigorous cleaning process is per-
formed to ensure that any potential residues inside the cylinder do not
impact the uncertainty of the composition of the final mixture. This step
is particularly important when preparing mixtures with very low
amount fractions.

Another critical step in the filling process is the transfer of gases from
the parent cylinder, for each component, to the cylinder where the
mixture is being prepared. The addition of each gas is carried out at a
filling station equipped with electropolished tubes, valves, vacuum and
pressure meters, and oil-free turbo molecular vacuum pumps (Fig. 1).
The amount of gas added to the cylinder is carefully controlled using a
mass comparator (Fig. 1).

The accurate mass of each gas component added to the cylinder is
determined using a mass comparator, utilizing calibrated masses that
are traceable to the national standard of mass. The traceability of gas
measurements to the International System of Units (SI) is ensured using
calibrated instrumentation.

By utilizing the results from the purity analysis certificates of the
initial gases and the data obtained through the weighing process, the
exact composition of the mixture and the associated uncertainties
related to the various amount fractions obtained can be accurately
calculated.

The gas mixtures were prepared with the following nominal amount
fractions: SOz (20 x 10~ mol/mol), HS (10 x 10~° mol/mol) CO (750
x 1070 mol/mol), CHy (2 x 102 mol/mol) and 05 (1 x 102 mol/mol)
that are the impurities in COy matrix.

The defined limits are based on state-of-the-art knowledge from the
latest research findings and available industry expertise. The project
partners conducted a literature review and engaged in discussions with
stakeholders, including CCS operators, CO, end-users, and industry
representatives [19]. The CO; specification was developed by selecting
relevant impurities and concentration levels to ensure material integ-
rity, operability, and considerations for health, safety, and the envi-
ronment for end-users.

The objective is to prepare standards of these multicomponent
mixtures that are as close to reality as possible in order to simulate a real
sample. We consider that these types of standards are an advantage for
end users who want to carry out the calibration and validation of
instrumentation used in carbon capture processes.

The cylinders containing the mixtures were placed in a rolling system
for approximately an hour to ensure homogenization (Fig. 2).

(2)

3. Gas mixtures certification

The composition of the gas mixture is determined through an indi-
vidual analysis of the amount fraction of each component. The proced-
ure for determining the amount fraction is described in the international
standard ISO 6143 [9]. The analytical method used is a comparative
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Fig. 1. Filling station and mass comparator.

method, as it employs primary reference standards to establish the
calibration curve. The specific analytical methods used were GC, para-
magnetic sensor, NDIR, and NDUV. The final results are presented
together with their respective uncertainties in accordance with the
Guide to the Expression of Uncertainty in Measurement [21].

The produced gas mixtures are certified using specific analysers for
SO,, HyS, CO, CHy4 and O». In each certification, the amount fraction of
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Fig. 2. Rolling cylinder system.

each component in the prepared mixture is determined by comparing
the equipment response to the standards used, and related with the gas
under analysis, within appropriate measurement intervals.

The certification process takes place using an automated multi-
channel sampling system, to which all the cylinders to be analysed are
connected (Fig. 3).

During the analysis, cylinders are automatically selected, enabling
individual circulation of gas through the analyser. This system employs
the purpose-built IPQAnaliseQui software, which manages the sampling
process and records all measurements taken by the analyser. Ultimately,
all the collected data, including records of standard and sample analyses,
are entered into a spreadsheet. The results are corrected with zero and
pressure data.

The calibration function determination is carried out using the
XGENLINE program developed by the NPL — National Physical Labo-
ratory. This software calculates the most suitable low-degree polynomial
calibration function (1, 2, 3 or 4) for a set of measurement data (X, Y),
considering the uncertainties associated with the data. In our case
XGENLINE program calculated the most suitable low-degree polynomial
calibration function of first order for each calibration.

Hence, the determined calibration function is employed to derive
estimates of the amount fraction values for the samples under analysis
and their corresponding associated uncertainties.

The XGENLINE program, which meets the requirements of the ISO
6143 standard, handles uncertainty, and a standard uncertainty is ob-
tained for each analytical test.

The expanded uncertainty presented is expressed by the combined
uncertainty multiplied by the coverage factor k, which for a t-distribution
with v, = y effective degrees of freedom corresponds to an expanded
probability of approximately 95 %.

4. Interferents study

The study of interferents was conducted using Primary Standard
Material (PSM) and CRMs (Table 1). All these standard gas mixtures are
prepared in nitrogen matrix. With these primary standards we can have
traceability to the standards of these impurities in CO,. In this case, the
matrix will not influence the analysis because the analysers in question
do not detect CO; just as they do not detect nitrogen. Each of them
detects only the respective gas.

4.1. SOz analyser

Measurements of SOy, HyS, CO, CHy, Os, and CO, standards were
conducted on the SO, analyser. The results obtained during the SO,
analyser tests are presented in Table 2. Zero is the reading of the analyser
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Fig. 3. Certification of Gas Mixtures Facility.

Table 1
PSM / CRM used for the study of interferents.

Interferent Gas PSM /CRM (mol/mol)

Analytical method Model of the analyser

H,S CRM412061 (9.2+0,5) x107° NDUV ABB
Limas11
A02020
SO, VSL4910 (25.00+0,37) x10 ° NDIR ABB URAS26 EL3040
Co CRMO034916 (823+4) x10~° NDIR ABB URAS26
A02040
0, VSL8612 (1.003+0,019) x10 2 Paramagnetic HB Magnos16
CH,4 / ar CRMO015377 (2.49+0,02) x10~2 NDIR ABB URAS26
A02040
CO, CRM034907 (20.0140,05) x10 2 NDIR ABB URAS26
A02040
CH4 / Ny PSM202534 (2.501+0,012) x10™2 NDIR ABB URAS26
A02040
A different analyser was used for each component.
Table 2
Results of interferents on the SO, analyser.
Cylinder Amount Fraction Zero Reading S
mol/mol mV mV mV
CRM412061 (H,S) 9.2 x10 ° —2560.95 —2556.61 0.67
VSL4910 (SO3) 25.00 x 10° —2553.19 —2249.54 0.61
CRMO034916 (CO) 823 x 10°° —2547.53 —2546.61 0.53
VSL8612 (03) 1.003 x 10 2 —2545.11 —2544.24 0.53
CRMO015377 2.49 x 1072 —2543.55 7314.06 0.69
(CH4 / ar)
CRM034907 (CO5) 20.01 x 1072 —2531.41 —2540.10 0.81
PSM202534 2.501 x 10 2 — — —
(CH4 / N2)

when the zero gas is passing, which is nitrogen. Reading is the value
when the sample gas is passing. S is the standard deviation of the
measurements.

According to ISO 6143, the content determination of a specified gas
mixture component (analyte) is performed by measuring an instru-
mental response of the gas analyser. Thus, Zero value of the analyser

does not have to be zero because the calculations are carried out with the
zero correction.

We can observe that for the gases H,S, CO, O3 and COs, the zero in
the Table 2 is similar to the reading. We consider that the values are
similar when the difference between the reading and the zero is less than
10 mV. In this case we have a difference of 8.7 mV (Table 2), on CO,
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Table 3 Table 5
Results of interferents on the H,S analyser. Results of interferents on the O, analyser.
Cylinder Amount Fraction Zero Reading S Cylinder Amount Fraction Zero Reading S
mol/mol mV mV mV mol/mol mV mV mV
CRM412061 (H,S) 9.2 x10 ° —1054.93 —548.592 4.893 CRM412061 (H,S) 9.2x10 ° 3.7872 3.5922 0.1091
VSL4910 (SO2) 25.00 x 10°° —1036.35 781.121 8.379 VSL4910 (SO2) 25.00 x 107° 3.5856 3.4970 0.1089
CRMO034916 (CO) 823 x 107° —1030.93 —1028.56 6.31 CRMO034916 (CO) 823 x 107° 3.4521 3.4017 0.1513
VSL8612 (05) 1.003 x 10 2 —1027.85 —1025.05 7.16 VSL8612 (0,) 1.003 x 1072 3.3812 13.502 0.111
CRMO015377 2.49 x 1072 — — — CRMO15377 2.49 x 1072 — — —
(CH4 / ar) (CH4 / ar)
CRMO034907 (CO») 20.01 x 1072 —1024.66 —1022.14 4.89 CRMO034907 (CO3) 20.01 x 1072 3.5417 2.4963 0.1468
PSM202534 2.501 x 10 2 —2458.53 —2456.86 8.40 PSM202534 2.501 x 10 2 —5.5571 —6.7359 0.2068
(CH4 / N2) (CH4 / Ny)
parameter, that is equivalent to 0.71 x 10~® mol/mol which is within Table 6

the measurement uncertainties of the used SO, primary standards
(Table 12). This indicates that these gases do not interfere with the SO,
gas reading on the SO; analyser. On the other hand, we have CH4 gas
interfering with the SO5 sensor.

4.2. H,S analyser

Measurements of SO,, HyS, CO, CHy, O,, and CO, standards were
conducted on the H,S analyser. The results obtained during the HyS
analyser tests are presented in Table 3.

We can observe that for the gases CO, Oy, CH4 and COs, the zero in
the table is similar to the reading. This indicates that these gases do not
interfere with the HyS gas reading on the HjS analyser. On the other
hand, we have SO, gas interfering with the HyS sensor.

4.3. CO analyser

Measurements of SOy, HyS, CO, CHy, Oj, and CO, standards were
conducted on the CO analyser. The results obtained during the CO
analyser tests are presented in Table 4.

We can observe that for the gases SO, H,S, O3 and CO», the zero in
the table is similar to the reading. This indicates that these gases do not
interfere with the CO gas reading on the CO analyser. In this case we
have a difference of 7.9 mV (Table 4), on CO; parameter, that is
equivalent to 1.1 x 10~ mol/mol which is within the measurement
uncertainties of the used CO primary standards (Table 12). Methane gas
interferes with the CO analyser however the interference is negligible
within the measurement uncertainty. This means that we have a dif-
ference of 31.3 mV (Table 4), on CH4 parameter, that is equivalent to
4.6 x 10~ mol/mol which is within the measurement uncertainties of
the used CO primary standards (Table 12).

4.4. Oz analyser

Measurements of SOy, HyS, CO, CHy, O3, and CO, standards were
conducted on the O; analyser. The results obtained during the O, ana-
lyser tests are presented in Table 5.

Table 4
Results of interferents on the CO analyser.

Cylinder Amount Fraction Zero Reading S
mol/mol mV mV mV
CRM412061 (H,S) 9.2 x10 © 2180.90 2179.85 0.38
VSL4910 (SO3) 25.00 x 10~ 2179.17 2178.70 0.38
CRM034916 (CO) 823 x 10°° 2179.00 7819.40 0.67
VSL8612 (05) 1.003 x 10 2 2180.19 2178.71 0.42
CRMO015377 2.49 x 102 2179.03 2147.72 0.46
(CH4 / ar)
CRM034907 (CO,) 20.01 x 10 2 2178.36 2170.43 0.36
PSM202534 2.501 x 1072 — - —

(CH4 / No)

Results of interferents on the CH4 analyser.

Cylinder Amount Fraction Zero Reading S
mol/mol mV mV mV
CRM412061 (H.S) 9.2 x10°° 2079.21 2078.47 0.19
VSL4910 (SO2) 25.00 x 10°° 2079.33 2080.43 0.20
CRMO034916 (CO) 823 x 10°° 2079.44 2079.35 0.20
VSL8612 (02) 1.003 x 1072 2079.87 2079.67 0.22
CRMO015377 2.49 x 1072 2079.72 5944.30 0.29
(CH, / ar)
CRM034907 (CO5) 20.01 x 102 2081.01 2078.70 0.21
PSM202534 2.501 x 102 — — —
(CH4 / N2)

We can observe that for the gases SO2, H,S, CO, Oz and COs, the zero
in the table is similar to the reading. The zero of methane standard is
slightly different because was not carried out in the same day. This
difference is not significant according to ISO 6143. This indicates that
these gases do not interfere with the Oy gas reading on the O analyser.

4.5. CHy4 analyser

Measurements of SO,, HyS, CO, CHy, Oo, and CO, standards were
conducted on the CH4 analyser. The results obtained during the CH4
analyser tests are presented in Table 6.

We can observe that for the gases SO2, HyS, CO, Oz and COs, the zero
in the table is similar to the reading. This indicates that these gases do
not interfere with the CH4 gas reading on the CHy4 analyser.

Some of the type of the analysers described in this section can be also
used for the analysis of impurities of CO5 in the carbon capture processes
in field.

As we can observe all analysers were tested with the amount fraction
of 20 % of CO, and did not detect CO,, which means that CO5 does not
interfere with these analysers regardless of the amount fraction of CO5.

5. Results

Four gas mixtures, Primary Reference Material (PRM), were care-
fully prepared for analysis, including two binary combinations of SO5 in
a carbon dioxide matrix, designated as PRM408326 and PRM108593.
Furthermore, two mixtures composed of HyS in CO,, labelled as
PRM108595 and PRM108596, were also carefully assembled. This study
facilitated the comprehensive characterization of these four mixtures,

Table 7
Standards used for SO, Component Certification.
Standards Used X U
mol/mol mol/mol
VSL9159 2.554 x 107° 3.7 x 1077
VSL7897 2.992 x 107* 9.3x 1077
VSL7886 1.0010 x 102 3.2x10°
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Table 8 Table 12
Results of the analysis of the SO, component, in the prepared binary mixtures. Standards Used for Certification of the Components.
Results PRM408326 — SO, Standards Used X U
Date X U mol/mol mol/mol
10° mol/mol 10™° mol/mol
SO,
2023-09-04 19.52 0.51 VSL9159 2.554 x 107° 3.7 x 1077
PSM502546 5.005 x 107° 4.0 x 1077
ﬁ;i:lts PRM108593 - SO, P v VSL7897 2.992 x 10~ 9.3 %107
L 1.0010 x 1072 2 x107°
10~° mol/mol 10~° mol/mol VSL7886 0010 10 3210
202309-04 20.71 0.50
H,S
NPL0274 4.610 x 107° 3.4 x 1077
VSL4408 5.000 x 10~ 3.7 x1077
Table 9 VSL4982 1.001 x 10 5 32107
Standards used for H,S Component Certification. VSLO536 2.000 x 104 3.0 x 10°©
Standards Used X U
mol/mol mol/mol co
NPLO274 4610 x 10 © 3.4 %107 PSM402577 5.002 x 104 5.0 x 10°°©
VSL4408 5.000 x 10~ 3.7 x 107 NMI8601 5.501 < 10~* 5.2 x107°
VSL4982 1.001 x 107 3.2 %107 NMI8622 7.005 x 10°* 2.0 x10°°
VSL4427 5.000 x 10 5 75 %107 NMI3707 8.003 x 10~* 2.3x10°°
NPL1720 9.994 x 10~ * 3.7 x10°°
Table 10 CH,
Results of the analysis of the H,S component, in the prepared binary mixtures. NPL273 4,999 x 1073 1.9 x 107°
VSL6039 5.001 x 10 ° 1.8x 10 °
ﬁ:ﬁ:lts PRM108595 - H$ « v PSM202534 2.501 x 1072 1.2 x10°*
VSL6037 5.006 x 1072 1.0x 107"
10~° mol/mol 10~° mol/mol * *
2023-09-11 9.97 0.48
(o2}
Results PRM108596 — H,S VSL3704 5.00 x 107° 43 x107*
Date x U VSL8612 1.003 x 10 2 1.9x10*
10~° mol/mol 10~° mol/mol VSL8554 1.0029 x 107 2.6 x 107*
2023-09-11 9.64 0.47
Table 13
Table 11 Amount fractions of the multicomponent mixtures in CO5,
Uncertainty budget for an analytical measurement, referring to the mixtures
PRM108595 and PRM108596. PRM308978
2023-09-19
Cylinder X; Dist. u(X;) pmol/mol u(yy) = 1. u(Xy " . "
PRM108595 pmol/mol Component in a Carbon Dioxide Matrix. X U
mol/mol mol/mol
runl 9.92 x 107° normal 1.5 x 1077 1.5 x 1077 S0, 14.26 x 107° 0.46 x 107°
run2 10.02 x 10°®  normal 1.7 x 1077 1.7 x 1077 co 666.1 x 10°° 2.7 x10°
2 —2
Cylinder X; Dist. u(X;y pmol/mol u(y) = 1. u(Xy 02 0594 » 10 0.027 > 10
PRM108596 pmol/mol PRM202557
runl 9.63 x 10 © normal 1,5x 107 1,5x10 7 2023-09-20
run2 9.64 x 107° normal 1,6 x 1077 1,6 x 1077 Component in a Carbon Dioxide Matrix. X U
mol/mol mol/mol
H.S 9.83 x107° 0.48 x 107°
each contained within individual cylinders maintained at an approxi- co 669.5 x 10 ° 2.7 x10°°
mate pressure of 40 bar. CH4 1.9685 x 107> 0.0060 x 10>
0, 0.586 x 1072 0.027 x 1072

Furthermore, two multicomponent mixtures were prepared in a CO»
matrix, PRM308978 with the impurities SO;, CO and O,; and
PRM202557, with the impurities H,S, CO, Oz, and CHy at the previously
mentioned amount fractions. These mixtures were contained within two

5.2. Results for the H,S mixtures

cylinders at an approximate pressure of 40 bar each.

5.1. Results for the SO, mixtures

The binary mixtures PRM408326 and PRM108593 were certified
using the SO, analyser with the standards presented in Table 7.

Table 8 shows the results of the analysis of the SO, component, in the
two prepared binary mixtures, PRM408326 and PRM108593.

The values of the prepared mixtures for SO are slightly outside the
calibration range. However, the validity of the calibration is supported
by the Goodness of Fit (GoF) results for the calibration curves, which are
1.85, 1.64, and 1.46. According to ISO 6143 must be GoF<2 for a valid

calibration curve.

The binary mixtures PRM108595 and PRM108596 were certified
using the H,S analyser with the standards presented in Table 9.

Table 10 shows the results of the analysis of the HyS component, in
the two prepared binary mixtures, PRM108595 and PRM108596.

Below, as an example, we present the uncertainty budget Table 11
for an analytical measurement, referring to the mixtures PRM108595
and PRM108596, with the standard uncertainty (u(x;), u(y;), normal
distribution and sensitivity coefficient 1.

The expanded uncertainty presented (Table 10) is expressed by the
combined uncertainty (Eq. (2)) multiplied by the coverage factor k =
2.04, in this case, which for a t-distribution with v, = 60 effective degrees
of freedom corresponds to an expanded probability of approximately 95
%.
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5.3. Results for the multicomponent mixtures

The multicomponent mixtures PRM308978 and PRM202557 were
certified using the SO, HsS, CO, CH4 and O, analysers with the stan-
dards presented in Table 12.

The number of standards used ranged from 3 to 5, for each compo-
nent, according to the best calibration curve results based on the
goodness of fit, in accordance with ISO 6143. The results of the amount
fractions of the multicomponent mixtures PRM308978 (SO5+CO+0, in
CO3) and PRM202557 (HyS+CO+CHy4 + Os in CO3) are presented in
Table 13.

6. Summary

Under the MetCCUS project, the contribution of LGR involves the
preparation of CRM to allow the measurement of impurities in CO5 with
metrological traceability, providing support for the calibration and
validation of instrumentation used in carbon capture processes.

We can conclude that methane gas interferes with the SO, sensor
when using the NDIR analytical method. Also, SO, gas interferes with
the H,S sensor when using the NDUV analytical method. Methane gas
interferes with the CO analyser using NDIR, however the interference is
negligible within the measurement uncertainty. Therefore, two multi-
component mixtures were prepared taking this information into ac-
count. One mixture does not contain SO, and the other does not contain
CH4 and HsS.

Four bicomponent and two multi-component mixtures in CO3 matrix
were prepared, with uncertainties within expectations.

This work is being a joint study with project partners where some of
the prepared multicomponent mixtures will be sent for analysis to some
of the participating laboratories and then the results will be compared,
and the conclusions will be published.

A stability study will be carried out in order to establish the shelf life
of the different mixtures.

In the future, we intend to extend this study to mixtures with more
components. To obtain more information regarding what is intended in
the project. We intend to analyse these mixtures using other analytical
methods to avoid the interferences.

These multicomponent gas mixtures standards can be used to cali-
brate analysers that measure the purity of carbon dioxide throughout the
entire process, from capture to storage, including its industrial appli-
cations. The use of such standards is essential, as it promotes more ac-
curate and traceable measurements.
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One of the goals of the GuideRadPROS joint research project (JRP) is the harmonization and
update of international standards for type testing of radiation protection dosimeters. This is to be
achieved through analysis of the test methods and criteria of evaluation of dosimeters defined in
different standards, and through analysis of the performance of radiation protection dosimeters used
in different European countries. Within one of the activities under the WP3 of this JRP, most
commonly used active radiation protection dosimeters used for area monitoring in the workplace and
for individual monitoring of occupationally exposed workers have been identified.

Aggregated calibration data on several radiation protection dosimeter models have been collected
from a total of six dosimetry calibration laboratories. The collected calibration data predominantly
includes calibration at the radionuclide-based radiation qualities (termed as S-Cs and S-Co in the
ISO 4037 standard). The calibrations are usually performed in these radiation fields at various dose
rate and dose values. This data can be used to assess the dosimeter performance in terms of response
non-linearity. Calibrations in the N-series radiation qualities are either not commonly requested by
the end-users or not regularly provided by the calibration laboratories.

In this work, aggregated calibration data in terms of absolute dosimeter response have been
presented. The collected calibration data is presented for S-Cs at the reference dose (rate). Inter-
variation of dosimeter response within a dosimeter model of up to approximately 10 % can be
observed. The cause of this variation can be addressed to the dosimeters being used in different
environments, with different frequencies of use, as well as the differences between the data
originating from several calibration laboratories. For some dosimeter models the conclusions on the
behavior of dosimeter type under reference conditions cannot be clearly deducted due to the low
sample size. The response of all the calibrated dosimeters is within + 40 %.

The aggregated calibration data, along with the data on dosimeter performance from the
literature, and the state-of-the-art manufacturer specifications will be used to identify the gaps in the
data on radiation protection dosimeters. A measurement program is currently ongoing and being
conducted under the scope of the JRP, to collect additional data on dosimeter performance including
their energy and angular dependence of the response as well as their non-linearity.

Acknowledgments: The project (22NRMo7 GuideRadPROS) has received funding from the European
Partnership on Metrology, co-financed from by the European Union’s Horizon Europe Research and Innovation
Programme and by the Participating States.
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Integrating spectral data (spectral responsivities of photometers or spectral distributions
of light sources) to calculate integrated quantities such as tristimulus values is straightfor-
ward at first sight. However, estimating the measurement uncertainty of these integrated
quantities is challenging. When calculating integrated photometric quantities, some
uncertainty contributions from the spectral data transfer to the final results, some ‘cancel
out’, some ‘average out’ and others increase or decrease their weight by correlation. The
spectral data are usually assumed to be uncorrelated when deriving other quantities by
integration, which is typically not justified. A method called the framework approach,
applying orthogonal basis functions and Monte Carlo simulations, is introduced. This
approach shows that neglecting partial spectral correlations may lead to a significant
underestimation of the measurement uncertainty of integrated quantities. Furthermore,
this paper shows how information about spectral error correlation structures can be used
to obtain better estimations of the measurement uncertainty.

1. Introduction of source spectral distributions across the spec-
tral range of the weighting functions.

Integration of spectral data is central to calculat- : . .
& P This paper considers spectral integrals of the

ing photometric and colorimetric quantities, as

well as quantities that are used to assess non- form:

visual effects and photobiological safety. -

Calculating any of these quantities from spectral B

data involves determining the value of the mea- X= X(A)S(A) dA (1)
surand by numerical integrals (weighted sums) Amin

where x()) is a defined weighting function, S(\)
Address for correspondence: E Ikonen, Metrology Research s th 1 distri . £ h
Institute, Aalto University, Maarintie 8, Espoo 02150, Finland. 1s the spectra chsjmbu‘uon of a source or the
E-mail: erkki.ikonen@aalto.fi spectral responsivity of a detector and the
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integral is calculated over the wavelength range
Amin =< A < A A similar spectral integral
may be involved when using filtered detectors
(including practical photometers). In those cases,
the spectral response function, taking the place
of x(A), also has associated uncertainties.

While these calculations are straightforward
and generally calculated using a trapezium rule,
estimating the associated measurement uncer-
tainty becomes complex and challenging, as
described in the CIE198-SP2' report. In particu-
lar, where there is a significant error correlation
between measured spectral data at different
wavelengths, the combined uncertainty associ-
ated with the integrated quantity is affected, as
demonstrated by Schmihling et al.* To describe
the effects that can be caused by correlations,
one must first understand what ‘correlated’
means in this context. This paper also provides
some assistance in this regard.

A general measurement uncertainty assess-
ment, whether based on the law of propagation
of uncertainties in the legacy GUM® or Monte
Carlo (MC) methods introduced in the JCGM
101% document, starts with a measurement model
written as an equation. It is common for mea-
surement models to be multi-stage, as described
in the JCGM 106> document. This means that
some of the model’s input quantities are based
on previous (earlier stage) measurement models.

For photometric and colorimetric quantities as
well as quantities that are used to assess non-
visual effects and photobiological safety, the
measurement model will be in the form of
Equation (1) and this is therefore what will be
discussed in Section 2. The measurement model
can be considered multi-stage in that the spectral
quantity itself will be the measurand of a calibra-
tion process to determine that spectrum and will
have its own measurement model.

In this work, we propagate uncertainties with
complex error correlation structures through the

Lighting Res. Technol. 2025; 57: 345-362

measurement model using a method of orthogo-
nal basis functions introduced by Kirhi et al.®
To describe correlations, a framework approach
for the estimation of dependencies is developed.
This framework approach allows a better insight
into the origin of those significant contributions
to the measurement uncertainty of an integrated
quantity, which come from correlations in the
spectral distribution data.

With the framework approach, we introduce
an evaluation method; its application (simply to
show how it works) is presented based on an
example in this paper.

The main contribution of this work is the esti-
mation of sensitivity coefficients. Here, we use
MC methods to propagate such error correlation
structures, both individually — to evaluate the
sensitivity of the integrated quantity to each
source of uncertainty — and combined to provide
a combined uncertainty for the integrated quan-
tity. In this method, we follow the kind of sensi-
tivity analysis proposed by the JCGM 101,
Annex B,* which is called ‘one factor at a time’
by Razavi and Gupta.’

Furthermore, this work considers partially cor-
related contributions associated with both wave-
length and the spectral distribution amplitude,
alongside with fully correlated and uncorrelated
erTors.

In spectral integrals, sources of uncertainty
that lead to fully correlated errors are simple to
propagate (and cancel out if the integrated quan-
tity is normalised). Sources of uncertainty that
lead to fully uncorrelated (independent) errors
reduce significantly by the effective weighted
averaging of the integral. Therefore, the most
important sources of uncertainty are those that
provide partial error correlation. In general, how-
ever, the form of that partial error correlation is
unknown. For the description of partial error cor-
relation, this paper builds on a method originally
presented by Kirhd er al.® and extended by



Sensitivity evaluation for calculated integral quantities

Vaskuri e al.® and Maham e al.’ The basis func-
tion method uses a set of basis functions to model
possible, (realistic) error correlation forms and
uses MC methods to explore different possible
correlation structures. This paper presents the
final modelling equations for the basis function
method and examples.

The implementation of the work presented
here can be found in the open-source Python
package 19nrm02,'® which uses the LuxPy
Python package by Smet.'" Additional examples
of the application of the approach, including ani-
mations in the form of mp4 files, are presented
in Supplemental Material for this paper (avail-
able online).

2. Methods

Integrals of the form of Equation (1) are treated
as summations of a spectral quantity over a set of
wavelengths A ;:

X = :)x()\i)-si-(/\i+1—)\i) (2)

It is useful to describe the spectral data with vec-
tor notation. In this paper, vectors are represented
by bold italic symbols, and scalars are repre-
sented by thin italic symbols. For spectral data
with N, elements (e.g. from 360 nm to 830 nm in
5 nm steps, Ny, =95), two vectors are used:

e Amplitude vector: S =[Sy, S1, 52, - .., SN, 1]
e  Wavelength vector: A = Mg, A1, Az, ..., Ay, 1]

where the random values of the elements in the
vectors, generated during the MC simulation
(MCS), can originate from wavelength uncer-
tainty, signal uncertainty or both. Both vectors
are used to calculate the spectrally integrated
quantity of interest. Initially, to better understand
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their individual influences, they are simulated
independently.

Within this paper, where the elements of the
vectors are processed individually, they are writ-
ten as thin italic symbols with an index (e.g. A;)
or in functional form (e.g. S(7) or S(A)). The sym-
bol S; in Equation (2) is used instead of S(A;) to
indicate that the i-th element of the signal vector
should be used without any interpolation,
whereas the x(A;) means that we have to interpo-
late the x-function to the specific wavelength A;.

The elements of these two vectors are deter-
mined experimentally, and the values can be
affected by three types of uncertainty that create
fluctuations in them:

e Effects that are uncorrelated from one ele-
ment to another (random effects, noise).

e Effects that are fully correlated from one
element to another (systematic effects, bias).

e Effects that are partially correlated, where
‘partially correlated’ can be interpreted as
an infinite variety of different correlation
states varying from fully uncorrelated to
fully correlated.

In this paper, MCS was used to propagate uncer-
tainties. MCS is a mathematical technique'*"?
that enables a quantitative analysis of a measure-
ment result. The core idea behind an MCS is to
represent the propagation of probability density
functions (PDFs) for the input quantities (here
the measured values of the spectral quantity at
different wavelengths) through the measurement
model (here the integral given in Equation (1)).
This involves the following steps:

®  Random sampling: For each input quantity
(here the spectral quantity at each wave-
length), a set of representative errors are
generated by generating random numbers
drawn from the distributions.

Lighting Res. Technol. 2025; 57: 345-362
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® Repeated trials: In an MCS, a large num-
ber (NMyc) of trial runs, also known as
simulations, using random inputs are per-
formed. These trials are used to generate
the PDFs of different outcomes of the
model.

® Aggregation of results: After running
simulations many times, the results are
aggregated and analysed to estimate the
statistical properties of the system being
modelled, such as averages, variances,
probabilities of different outcomes, corre-
lations, etc.

2.1 Overview

A general overview of the framework
approach is presented in Figure 1. The different
parts of the figure will be explained in detail in
this section.

Figure 1 shows the calculation during two
separate MCSs (MCS1 and MCS2) running each
Numc times (the number of MC trials or runs).
The first part of the structure, shown in MCSI,
starts with a given spectral distribution based on
the outcome of a real or simulated measurement,
a physical modelling (e.g. the spectral radiance
of a blackbody) or a spectral distribution given
in a Standard (e.g. CIE Standard Illuminant A,
CIE reference spectrum L41,'° etc.) at a nominal
wavelength scale A and at this point without any
uncertainty information. The nominal wave-
length scale is a set of true wavelength values,
used as reference values for the calculation.

In the next step, a general model, explained in
Section 2.2, uses this spectral distribution to add
the measurement uncertainty by generating dif-
ferent fluctuations around the input spectral dis-
tribution. This is done by separately modelling
the wavelength and amplitude scales with differ-
ent types of simulated uncertainty contributions.
The uncertainty contributions are modelled as

Lighting Res. Technol. 2025; 57: 345-362

correlated, uncorrelated and partially correlated
contributions. At the end, this results in a set of
Nnc combinations of wavelength and signal vec-
tors M; sp = (A;,S)).

Besides the correlated and uncorrelated uncer-
tainty contributions, generating partially corre-
lated uncertainty contributions using the basis
function technique, as described in Section 2.3,
is essential for the evaluation presented here.

In this paper, the data are simulated and do
not consider the physical background of a partic-
ular measurement setup or device under test to
ensure that the application does not cover just
one method or describe a specific measurement
technique. Possible connections of the model
parameter to physical models or real measure-
ments are given in Section 2.4.

Finally, using the Nyc generated combina-
tions of wavelength and signal vectors M, sp =
(A, S;), integrated quantities (see Section 3) can
be calculated for every of the generated M, sp
values. This results in Nyjc integrated quantities
(e.g. relative luminance values Y, as shown for
the MCS1 example in Figure 1), and a PDF
including mean, standard deviation and expanded
uncertainty can be calculated from a statistical
analysis of this set of output quantities.

Furthermore, the Nyic generated combinations
of wavelength and signal vectors M;sp =
(A;,S;) can be used to summarise the data using
a nominal wavelength scale A, a mean spectral
distribution S, the associated standard deviation
o(Sr), and a correlation matrix Py. This set of
summarised data is called the ‘compressed infor-
mation’ hereafter. The methods used here are
explained in Section 3.3. These data can be used
to transfer the outcome of the first MCS (MCSI1)
to other users or to visualise the data.

In parallel to the MCS1 using the framework
approach, we can use an MCS2, as shown in the
lower part of Figure 1, to calculate a set of
integral quantities based on a multivariate
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Framework Approach
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Figure 1 Overview of the framework approach. See Section 2.1 for definitions of the symbols used

normal distribution method. This can be done
using either real measurement results, for exam-
ple, provided by the Physikalisch-Technische
Bundesanstalt (PTB) as shown in Section 3.1 or
with compressed information from MCSI1 (see
Section 3.2). With this method, we generate the
spectral distribution data from multivariate nor-
mal distribution sampling, to again get combina-
tions of wavelength and spectral information
M'; sp = (A, S;), but in this case with a nominal
wavelength scale only. These are used for calcu-
lation and evaluation of integral data in the same
manner as for MCS1, yielding compressed infor-
mation S,,, the associated standard deviation,
o(Sn), and a correlation matrix, Pyp,. In Section
3.3, we use chromaticity coordinates as an exam-
ple to show the correlation analysis for the
results using this approach and to validate the
data processing from MCSI.

2.2 Model for uncertainty contributions in the
framework approach

The framework approach uses additive (sub-
script ‘a’) and multiplicative (subscript ‘m’) model
parameters linked to the values as uncertainty
components. The uncertainty contributions are
implemented during the simulation as follows:

® Uncorrelated (subscript ‘uc’): Every vec-
tor element represents a different realisa-
tion of a random process in each of the
Ny MC trials. A vector with random ele-
ments is drawn in each trial. Variations of
the vector elements are independent.

® Correlated (subscript ‘c’): All vector ele-
ment variations behave similarly in any
given MC trial. A random number is
drawn for every trial only once for the
complete vector.

Lighting Res. Technol. 2025; 57: 345-362
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® Basis function (subscript ‘b’): Partially
correlated variations of spectral data points
are simulated by the variations of the vec-
tor elements with a periodic spectral
dependence. The different vectors for the
trials are calculated according to the basis
function technique introduced by Kérha
et al.® with Fourier basis functions and by
Vaskuri et al.® with Chebyshev basis func-
tions. See Section 2.3 for details.

2.2.1 Amplitude vector

The model used to calculate the random num-
bers (subscript ‘r’) for the signal or amplitude
scale is shown in Equation (3).

S, = kS,m-b*S + Sa-c T Sa-ue T Sa-p (3)

where S; is the random variable for the ampli-
tude scale in the MCS (vector); .S is the nominal
value of the amplitude (vector, normalised to
max(S) = 1); ks m-p is the multiplicative uncer-
tainty component modelled with the basis func-
tion technique (vector, systematic and random);
x denotes element-wise multiplication of the vec-
tor elements; S,-. is the additive fully correlated
uncertainty component (vector, systematic);
Sa-uc 1S the additive uncorrelated uncertainty
component (vector, random); S,-y, is the additive
partially correlated uncertainty component mod-
elled with the basis function technique (vector,
systematic).

2.2.2 Wavelength vector
The model to generate the random numbers for
the wavelength scale is described in Equation (4).

Ar = Fd(k)\,m-b * Fn(A)) + Aa-c + Aa-uc + Aa-b
(4)
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where A, is the random variable for the wave-
length scale in the MCS (vector); A is the nom-
inal wavelength (vector); kj m-p 1is the
multiplicative uncertainty component modelled
with the basis function technique (vector, sys-
tematic and random); A,-. is the additive fully
correlated uncertainty component (vector, sys-
tematic); A,-yc 1S the additive uncorrelated ran-
dom uncertainty or noise component (vector,
random); A,-p 1s the additive partially corre-
lated uncertainty component modelled with the
basis function technique (vector, systematic).

The functions A" = F,(A) and A = F4(A'),
shown in Equation (5), are used to normalise/de-
normalise the wavelength scale to handle the
multiplicative factor for the model in a standard
way for the wavelength range [Amin, Amax]-

A — Amin
— Amin (5)
- /\min)A/ + Amin

N = Fy(A) =

)\max

A =Fy(A) = (Amax

where A, and A, are vectors containing A iy
or Apax, respectively, in every vector element.

2.2.3 Combination of amplitude and wavelength
scales

Pairs of wavelength vectors A, and amplitude
vectors S, are necessary to define the spectral
distribution in a matrix M, sp, as demonstrated
in Equation (6).

Mr, SD — (Ara Sr) (6)

2.2.4 Parameters for random numbers

For simplicity, the random numbers used for
simulating the uncorrelated and correlated contri-
butions introduced above are drawn from normal
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distributions with mean value w, and standard
deviation o (symbol: N'(u; o)).

= 0;0)
=1;0)

Additive components: A/ (u
e Multiplicative components: A (u

The standard deviation parameter o is selected
in a way that one can adapt the result of the
simulation conveniently to the situation in a real
measurement setup:

e The uncertainty of the wavelength scale
parameters is, for example, 1nm for the
additive components (u,_,) and, for exam-
ple, 1% for the factor in the normalised
wavelength scale part () ).

e The uncertainty of the amplitude scale
parameters (ug) is, for example, 1%. The
same parameter can also be used for the
additive components using normalised
data.

These parameters are not used to generate a rea-
listic measurement uncertainty. Rather, they are
used to generate easy-to-use sensitivities that can
be used in a linear manner for small measurement
uncertainties.

Example: If we use 1 nm for the value of the
model parameter for the additive fully correlated
wavelength uncertainty component A,-. and we
get an uncertainty of 0.0005 for the chromaticity
coordinate x, we can easily calculate that we get
an uncertainty contribution of 0.0001 if the real
value of the model parameter is 0.2nm. This
means we have made an easy-to-use uncertainty
budget that can be used to provide sensitivity
information.

2.3 Basis function technique

The basis function technique is explained in
detail in Kérha er al.® for Fourier basis functions
and in Vaskuri er al® for Chebyshev basis
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functions. The implementation can be found in
the MC Toolbox of the open-source Python pack-
age 19nrm02'? in the file FourierNoise.py.
The basis function approach is used inside the
MCSI and also uses random parameters. First of
all, a set of basis functions b;(A) must be gener-
ated, where k is the order and by (A) is used as a
general notation to represent either Fourier basis
functions f;(A), which are generated using
Equation (7), or Chebyshev basis functions
¢k (A), which are generated using Equation (8).

Fourier basis functions

fod) =1
fi(d) = V2 sin <2wk A Amin gbk> M
)\max - /\min
Chebyshev basis functions
g(A) = To(A) = 1
2\ — /\min - )\max

Tr(A) = [k arccos( S )]
gk(A) = Ti(A) ok
cr(A) = gak-1(A) cos by + g (A) sin by

(8)

where £ is the order of the current basis function,
kel0 ... Ng—1]; Np is the number of
basis functions (model parameter), Np €
[0 ... N\/2 —1]; ¢, is a uniformly distributed
random number in the range of [0, 2m7];
[Amin; Amax] 18 the wavelength range; o is the
standard deviation of Tj(A).

Based on the generated basis functions b (A)
(depending on the method bi(A) = fi(A) or
br(A) = cx(A)) and introducing a random num-
ber Y;, which has a standard normal distribution,
Yi~N(0;1), one calculates the normalised

T

j=0

weighting factors vy, with y, = ¥,/
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Depending on the Fourier or Chebyshev func-
tions used, different types of basis functions are
calculated. A deviation function 6(A ), describing
the local deviations over the scale, is then calcu-
lated according to Equation (9):

Np—1

8(\) = D vibk(A) 9)
k=0

The direct influence of a specific basis function
order k = N can be investigated using the
deviation function &,(A), describing the local
deviations over the scale using a single basis
function only:

85(/\) = YNBbNB (/\)

A comparison with correlations in real datasets
in Maham et al.” suggests that the summation of
the results of the Ny orthogonal functions should
not be equally weighted, but weighted with the
reciprocal of the order of the basis functions.
Applying this new approach with the one over f
weighting according to Ikonen et al.'® and
Maham et al.,’ the basis function d1¢(A) can be
calculated according to Equation (11):

cos ¢ Ni_:lbk()\)
Sk =k
(11)

where 8¢(A) is the function describing the local
deviations over the scale using the one over f
weighting; ¢, is a uniformly distributed random
number in the range of [0, 2.

In every trial of the MCS, the random
numbers vy, ¢, and ¢,; are generated from
their distributions.

In the last step, the wavelength (Equation
(12)) or amplitude (Equation (13)) data can be
modified accordingly by the basis functions:

(10)

S1r(A) = singpp +
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Ky m () = (1 + 1y m8(X))
Aa-b(A) = up .8(A)

ks, m-p(A) = (1 + usd(A))
Sa-b(/\) = u58(/\)

(12)

(13)

where u)_, 1s the multiplicative standard uncer-
tainty of the wavelength scale; ) _, 1s the additive
standard uncertainty of the wavelength scale; ug
is the standard uncertainty of the amplitude scale.

The corresponding vectors (k, .y, Aa-bs
kg - and S,-p) are formed from the elements
given in Equations (12) and (13).

2.4 Connection to physical models

The framework approach can be linked to the
physical properties of measurement systems. An
overview is given in Table 1 together with the
uncertainty components in the framework
approach.

3. Comparison of real and modelled
results

In Section 3.1, real measurement data, provided
by the PTB, are used for the MCS2 path to com-
pare the results with modelled data from the
framework approach from the MCSI path of the
simulation as presented in Section 3.2. The
reduction of the datasets from the simulation into
a form that can be transferred to other users or to
other simulation paths is described in Section
3.3. As an example, we calculate tristimulus
values and chromaticity data as explained in
Section 3.4.

3.1 Real measurement data

During the development of the framework
method, the PTB provided a dataset from a real
measurement of the spectral irradiance of an
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Table 1 Connection of the uncertainty components in the framework approach to physical models, for the example of

spectroradiometric measurements of a lamp

Symbol Description

Origin in other (physical) models

k. m-b Uncertainty of the wavelength calibration factor

Aamc Wavelength scale shift of the whole scale
Aa-uc Wavelength scale shift of single measurement
points

Aasb General uncertainty of the wavelength scale

Uncertainty of the absolute/relative amplitude
calibration factor

ks, m-b

Sa-c Correlated uncertainty of a global offset

Sa-uc Uncorrelated uncertainty of the offset signals

Sab Uncertainty modelling for the offset

The measurement result obtained using several narrowband
spectral lamps for the wavelength calibration is the scale
factor in nm per pixel or nm per degree of the
spectroradiometric system. The uncertainty of this scale
factor, for example, from a polynomial regression of different
wavelength measurement points, can be used to model
kA.m-b

The stability (reproducibility or repeatability) of the homing/
initialisation of a monochromator can be used to model A ,-¢
Reproducibility or repeatability of the wavelength setting at a
single wavelength position

A complicated relationship between different wavelength
settings can be modelled by A,.,. An example of a physical-
based modelling for such a parameter can be found in White
et al."” The basis function technique can model the
described behaviour if a correction is not possible

A sophisticated modelling of the calibration factor can be
introduced, for example, ageing of the calibration reference
artefact can cause correlations between the calibration
factors at different wavelengths

Modelling the global dark signal offset

Modelling the individual dark signal at every measurement
position

A time-dependent offset of a reference voltage can cause
wavelength-dependent offset values in the amplitude scale

FEL lamp. The data consisted of a mean spectral
distribution vector Sprp, the standard deviation
o(Sprg) (see Figure 2) and the correlation
matrix Pprp (see Figure 3), all at a nominal
wavelength scale A. The correlation matrix
included the uncertainty information associated
with the nominal wavelength scale.

The data from PTB were then used to
generate a value matrix M, gp prp to describe
the spectral characteristics of the lamp, by
making draws from a multivariate normal
distribution using the nominal wavelength A,
according to Equation (14).

M, o, prg = (AN (Sprs, 0(Sprs), Pprs)) (14)

3.2 Modelled data using the framework
approach

In this study, we used the model as described
in this section to perform a sensitivity analysis on
the calculated relative luminance, chromaticity
coordinates and correlated colour temperature
(CCT). Separate MCSs were performed for each
source of uncertainty with respect to Equations
(3) and (4), with the random number parameters
described in Section 2.2, so that the sensitivity of

Lighting Res. Technol. 2025; 57: 345-362
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Figure 3 Correlation matrix Perg of the real spectral
distribution measurement of the FEL lamp, shown in Figure 2

the output values to each source of uncertainty in
turn could be calculated. This follows the type of
sensitivity analysis proposed by Razavi and
Gupta.’

The spectral distribution of a blackbody at a
temperature of 3077K was used as input
quantity for the simulated measurement, to make
the simulation as simple as possible. The chosen
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blackbody temperature is the same as the CCT of
the FEL lamp measured at PTB (see Section 3.1)
and gives a spectral distribution very close to the
relative spectral distribution of the measured
lamp. Based on this theoretical blackbody, the
amplitude and wavelength values were modified
during the MCS as described above (MCSI).
With the modified spectral distributions, one can
calculate integrated output quantities and study
their behaviour during the simulation. Using
these simulation data one can estimate the PDFs
and statistical parameters for all output quanti-
ties, including mean and standard deviation.

Since this assessment is not based on an actual
measurement system, we only generate sensitiv-
ity values rather than absolute values. This means
one can state at the end, for example: The sensi-
tivity coefficient for the chromaticity coordinate
x 15 0.0006 for every 1 nm correlated error in the
wavelength scale.

Starting from a blackbody at 3077 K at a nom-
inal wavelength scale from 360nm to 830 nm
with 1 nm steps, and using the model equations
presented previously, we generate Nyic pairs of
random wavelength A; and amplitude S, rea-
lisations with defined parameters.

For the amplitude scale, Equation (3), the fol-
lowing parameters are used in the simulation:

S Dblackbody at 3077K, normalised to
max(S) =1

ks m-» multiplicative uncertainty component
modelled with the basis function technique (used
with the cumulative basis function approach and
Ng =7 Chebyshev basis functions) with
us = 0.01

S,-c additive fully correlated uncertainty com-
ponent (vector, systematic), S,-c~N(0;0.01)

Sa-uc  additive  uncorrelated  uncertainty
component (vector, random), S,-,c~AN(0;0.01)

S,-b additive partially correlated uncertainty
component modelled with the basis function
technique (vector, systematic), with ug = 0.01
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For the wavelength scale, Equation (4), the
following parameters are used in the simulation:

k) m-» multiplicative uncertainty component
modelled with the basis function technique (used
with the cumulative basis function approach and
Ng = 7 Chebyshev basis functions, see Equation
(10)) with uy , = 0.01 (description: ‘basis ¢ 7°)

A nominal wavelength (vector)

A, additive fully correlated uncertainty com-
ponent (vector, systematic), A,-c~N(0; 1 nm)

Aa-ue additive uncorrelated random uncer-
tainty or noise (vector, random), A,-y.~
N(0;1 nm)

A,-p additive partially correlated uncertainty
component modelled with the basis function
technique (vector, systematic), with ) , = 1 nm

3.3 Data transfer and interpolation

For data visualisation or the transfer of mea-
surement results to other users, the matrix M, sp
of spectral distributions can be reduced to a
mean vector .5, a standard deviation (S') and a
correlation matrix P = Corr(S}.). To do this, the
nominal wavelength scale A is required and not
the wavelength scale A, from the MC trials
described in Section 3.2. Every pair of wave-
length and spectral distribution data (A.,S;)
is interpolated to the nominal wavelength A.

M; i, = (A, S;) = Interpolate(A,, S;) (15)
Using a non-nominal wavelength scale usually
requires interpolation for further calculations.
This interpolation of the amplitude vector to reg-
ular, equidistant wavelength intervals means that
the measurement uncertainties of the wavelength
vector are converted to the amplitude values and
influence the measurement uncertainties and cor-
relations for the amplitude vector. Care is needed
when doing the interpolation, particularly if the
amplitude vector is noisy, since artificial spectral
structure can be introduced if an inappropriate
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interpolation method is used. Guidance on inter-
polation is given in CIE 15:2018, Clause 7.2.3.*
(Rule of thumb: Interpolate the smooth function
and not the noisy one.)

New data pairs M, ¢, for the interpolated
data can now be éenerated based on a
multivariate normal distribution N according to
Equation (16):

M g = (A,N(E, 0'(S’),P>> (16)

3.4 Calculation and evaluation of integral data

As an example, to show the effect of the dif-
ferent measurement uncertainties (with regard to
the parameters of the models introduced above),
several integrated quantities (tristimulus values,
chromaticity coordinates and CCT) are calculated
from the simulated spectral distributions.

According to CIE 15:2018, Clause 7" the tristi-
mulus values, X, ¥, Z, are calculated with Equation
(17) using the nominal wavelength scale.

X = NA_I)_C(/\Z‘) : S(/\,) : A)\,
Y= S50 -s00 A (1)

i=0

where X (A;), ¥ (A;), Z(A;) are colour-matching
functions at wavelength A; S(A;) is the (relative)
spectral distribution of the light source at wave-
length A; AA is the step width for the summa-
tion; N, is the number of elements.

Using the spectral distributions generated
with the framework approach, the tristimulus
values, X, Y;,Z;, and from these the chromati-
city coordinates, x, and y;, are calculated accord-
ing to Equations (18) to (21).
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Note that, due to the wvariation of the
wavelength scale in each MC trial depending on
the modelling, the wavelength steps are
calculated separately for each trial and therefore
the integrated values obtained using Equations
(18) to (20) are also calculated separately for
each trial:

Ny—-2

Z)_C(/\r,i)'sr,i'(/\r,i+l _/\r,i) (18)

i=0

X =

Ny—2
Yo=Y 3wi) Sei- Arir1 =) (19)
i=0

Ny—2
Z, = Z Z()\r’i) -Sr,i : ()\r,i +1— /\r,z‘) (20)
i=0
X, Y;
B N S
YT X T v +z ) X+ Y. +Z (21)

The CCT is calculated from the chromaticity
coordinates (x;,y;) based on standard algorithms
according to Robertson'® and Baxter et al."’

4. Results

All diagrams, tables and calculations in the
following are based on the open-source
Python package 19nrm02'® and implemented in
the Jupyter Notebook MCSim PM. ipynb. The
calculations in the MCS were performed with
Nyie =20000 trials.

Table 2 shows the result of the MCSI1 for
the described model settings and the output data
relative luminance (Y), chromaticity coordinates (x,
¥) and CCT (T¢;). In every row of the table, only
the parameter described in the first column is
used as random. All others are set to their nom-
inal values. For the last row, all parameters are
set to their random inputs to evaluate the results
of all model parameters together.
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Relative luminance: The additive correlated
components and the additive partially correlated
components (basis functions for both the wave-
length and the amplitude scales) have a greater
contribution to the uncertainty than the other
effects.

Chromaticity  coordinates: ~ Uncorrelated
contributions of the model average out and
correlated additive amplitude component as well
as the multiplicative basis function contribution
for the wavelength scale and the additive basis
function contribution for the amplitude scale are
significant.

CCT: Besides all the partially correlated
parameters modelled by the basis functions, the
correlated additive amplitude component contri-
butes significantly to the uncertainty.

The results of the uncertainty evaluation for
the chromaticity coordinates are shown graphi-
cally in Figures 4 and 5, in terms of expanded
uncertainty ellipsoids. Figure 4 shows the effect
of the wavelength scale parameters, and Figure 5
shows the effect of the amplitude scale para-
meters. The label ‘All’ is used for the results in
the last row of Table 2 containing all modelled
uncertainty contributions. In addition to the data
in Table 2, these plots allow the chromaticity
uncertainty and the correlation to be analysed
together.

The correlated additive components result in
fully correlated chromaticity uncertainties, dis-
played as a line. The other contributions result in
ellipsoids with different principal axis orienta-
tions and lengths. A major contribution is the
partially correlated amplitude component, which
is modelled as an additive basis function.

Figures 6 to 9 show selected correlation
matrices of the generated spectral distributions
inside the MCS1 based only on the influence of
the model parameter kg n-p. This means, after
calculating the value pairs M, g, = (A,S,) dur-

T
ing the MCS1, we can summarise the data as



Sensitivity evaluation for calculated integral quantities 357

Table 2 Evaluation table for the MU calculation using the framework approach in the MCS1

Quantity Unit Mean SD Distribution u(Y) u(x) u(y) u(Tep) /K
Aa=c nm 0.0 1.000 Normal 0.0058 0.00056 0.00026 7.8
Aa-uc nm 0.0 1.000 Normal 0.00048 0.0001 0.00012 1.7
Aa-b nm 0.0 1.000 Basis c 7 0.0067 0.00085 0.00078 14
k). m=b 1 1.0 0.010 Normal 0.013 0.0011 0.0011 23
Sa-c 1 0.0 0.010 Normal 0.021 0.0025 0.0018 30
Sa-uc 1 0.0 0.010 Normal 0.0017 0.00041 0.0005 6.5
Sa-b 1 0.0 0.010 Basis c 7 0.024 0.0036 0.0036 52
ks, m-b 1 1.0 0.010 Basis c 7 0.0065 0.00098 0.00088 20
All 0.037 0.0048 0.0043 70

Mean values: Y=1.000, (x, y) =(0.43155, 0.40216), T, =3077 K.

explained in Section 3.3 and display the correla-

zz;:z = iz:; tion me.ltrix P to get some ipsights about the

a5 s :,-n correlaqon structure of the 51m1.11ated c‘iata. .A

_ el correlation matrix is a symmetric matrix with

T Do values between —1 and 1 and with other

A_O_Duzs specific properties (e.g. all eigenvalues must be

-0.0050 non-negative). Therefore, it is almost impossible

~0.0075 to generate the correlation matrices directly via

o an MC simulation. This makes the basis function
~0010 -0005 0000 0005 0010 approach more valuable.

e The nominal wavelength scale is used for the

Figure 4 Covariance plots for the chromaticity coordinates Ordlna‘Fe and abscissa axes in these plots. For th'e

based on the wavelength uncertainty contributions following examples, one can see that there is

only a partial correlation generated by the basis
function approach between different wavelength
settings and not a full correlation as could be

0.0100

0.0075 - g::; expected.

0.0050 o i::'b Figure 6 shows the correlation matrix for the

0.0025 — Al spectral distribution based on the kg -, model-
Z 0.0000 ling with Ng = 7 and Chebyshev basis functions.

Figure 7 shows the same calculation with Fourier
basis functions. Figure 8 shows a correlation
matrix using Fourier basis functions as in Figure

-0.0025
-0.0050
-0.0075

-0.0100 7, but with a single basis function of order £k = 7
el - el only. Figure 9 shows a correlation matrix using
the same basis functions as in Figure 7 and a one

Figure 5 Covariance plots for the chromaticity coordinates over fweighting.

based on the amplitude uncertainty contributions
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Figure 6 Correlation matrix for the spectral distribution with
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Figure 7 Correlation matrix for the spectral distribution with
Ng = 7 Fourier basis functions (ks -, Model parameter only)

Figures 6 to 9 indicate different correlation
matrices that are also structured completely dif-
ferently from the measurement results of the
PTB, which are shown in Figure 3. The authors
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cannot yet provide general interpretations of the
selected correlation matrices displayed here.
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Figure 10 Measurement uncertainty of relative tristimulus
value, u(Y;e), as a function of the number of basis functions,
Ng.

4.1 Evaluation of different basis function
numbers and types

Iterating the MCS over several basis function
numbers (Mg =0...N,/2 — 1) and types will
result in a lot of information as can be seen in
Figures 10 to 13. N,/2 — 1 is the maximum
number of basis functions possible, due to the
Nyquist rule.

Figures 10 to 13 show the number of basis
functions on the horizontal axis (log scale) and
on the vertical axis the measurement uncertainty
of different quantities (tristimulus value (Y),
chromaticity coordinates (x,y) and CCT (T¢p)
resulting from changes of the model parameter
ks m-v only.

Besides identifying the basis function number
that has the maximum impact on the final uncer-
tainty in each case, three specific points are usu-
ally of particular interest and marked separately
in Figures 10 to 13:
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Figure 13 Measurement uncertainty of the correlated colour
temperature value, u(Tcp), as a function of the number of
basis functions, Ng

e N =0, the fully correlated case, is
marked with the label ‘corr’.

e N = N,/2 — 1, the uncorrelated case, is
marked with the label ‘un-corr’ and a cor-
responding horizontal line.

e The uncertainties evaluated from the mea-
surement results from PTB are shown as
an additional point and a corresponding
horizontal line marked with the Ilabel
‘PTB’.

The different basis function techniques are
displayed with different graphs and labelled with
‘> for the cumulative Fourier basis functions
(see Equation (9)), ‘f s’ for a single Fourier basis
function (see Equation (10)) and ‘¢’ for cumula-
tive Chebyshev basis functions. The one over f
approach using Fourier basis functions is labelled
with ‘f 1{” (see Equation (11)).
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5. Discussion

The simulations show that, as expected, uncorre-
lated and fully correlated contributions generally
have no significant influence on chromaticity
coordinates and the other evaluated quantities.
The exception is the contribution from the
additive, fully correlated errors in the values
of the wavelengths (e.g. caused by the homing/
initialising procedure of a monochromator or
by the wavelength adjustment of an array spec-
troradiometer with a few spectral lines only),
which makes significant contributions to nearly
all investigated output quantities.

However, it was shown by modelling with
orthogonal basis functions that partial correla-
tions contribute significantly to the measurement
uncertainty. The tristimulus functions change
slowly with wavelength and therefore only the
long-wave basis functions (i.e. those where N is
small) produce effects that do not cancel each
other out. Thus, these reflect the possible maxi-
mum effects of correlations. This is a possible
contribution to the measurement uncertainty that
needs to be considered for physical models.

Using single basis functions provides informa-
tion about the most sensitive frequency for the
basis function technique. It is usually observed
that ignoring correlations for intermediate spec-
tral frequencies leads to a greater underestima-
tion of the uncertainty. It therefore makes sense
to carry out this single basis function analysis
and to analyse the results carefully.

6. Conclusion

The framework approach presented in this paper
makes it possible to understand the main contri-
butions of the spectral measurement uncertainties
to the estimated combined measurement uncer-
tainty and to consider their impact for specific
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cases. Additionally, this approach identifies pos-
sible correlations among the output quantities.
An MCSI1 has shown that when evaluating
quantities and uncertainties derived using spec-
tral integrations, the fully correlated and uncorre-
lated errors contribute much less to the
uncertainty than the partially correlated errors
modelled by the basis functions. As expected,
the basis functions with fewer terms (functions
with low spectral frequencies representing errors
with short autocorrelation length) provide a
larger uncertainty in the evaluation of these spec-
trally integrated quantities and thus provide a
reasonable estimate of the maximum uncertainty.
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Stability Study of Multicomponent Mixtures to Support Carbon
Metrology

Florbela A. Dias ", Cristina Palma', and Carlos J. Costa'

nstituto Portugués da Qualidade, Rua Antonio Gido, 2, 2829-513 Caparica, Portugal

Abstract. The European project EPM SRT-v01 - MetCCUS (Metrology for Carbon Capture Utilization
and Storage) is the first metrology project within the scope of CCUS (Carbon Capture Utilization and
Storage), which, in the European ecological pact, European Commission's Green Deal, is listed as one of
the priority areas to achieve a reduction in greenhouse gas emissions by 55 % by 2030 and carbon neutrality
by 2050. This project, financed by EURAMET, aims to respond to the metrological challenges identified by
the industry and aims to provide the primary standards, methods, good practice guides that will support the
necessary measurements. This study successfully characterized four bicomponent mixtures: SOz in CO2
matrix (two mixtures) and H2S in CO: matrix (two mixtures) and four multicomponent mixtures
S02+CO+02 in CO2 (two mixtures) and H2S+CO+CH4+02 in CO2 matrix (two mixtures) within a cylinder
under a pressure of approximately 40 bar, and it entailed a stability study. The stability study was conducted
over one year, employing statistical evaluation using the Normalized Error (£,) function in accordance with

the international standard ISO 13528:2022 for statistical methods.

1 Introduction

The European initiative EPM (European Partnership on
Metrology) SRT-v0l - MetCCUS (Metrology for
Carbon Capture Utilization and Storage) [1] represents
the first metrology project dedicated to CCUS (Carbon
Capture Utilization and Storage) in Europe. This
initiative is a key element of the European
Commission’s Green Deal, an ambitious plan outlined
in the European ecological pact. CCUS is identified as
one of the priority areas for achieving the overarching
goals of a 55 % reduction in greenhouse gas emissions
by 2030 and achieving carbon neutrality by 2050. The
project, funded by EURAMET, addresses significant
metrological challenges faced by industry stakeholders.
It aims to develop primary standards, methodologies and
best practice guidelines to ensure precise and reliable
measurements essential to support CCUS projects.

A critical aspect of this initiative lies in the preparation
and use of primary gas mixtures, which plays a key role
in environmental monitoring and decarbonization
research. Reliable gas mixtures are essential for
calibrating instruments that measure atmospheric
pollutants and greenhouse gases, ensuring accuracy and
consistency in data collection. Decarbonization itself
refers to the process of significantly reducing carbon
dioxide (CO;) emissions resulting from human
activities, with the goal of transitioning to a low-carbon
or carbon-neutral economy. This transformation is a key
strategy for mitigating climate change by directly
reducing greenhouse gas concentrations in the
atmosphere.

* Corresponding author: florbelad@ipq.pt

As part of the MetCCUS project, the Reference Gas
Laboratory (LGR) at the Portuguese Institute for Quality
(IPQ) is collaborating in the development of gas
metrological capabilities. Specifically, the laboratory is
preparing Certified Reference Materials (CRMs) to
enable precise measurement of impurities in CO, with
full metrological traceability [1, 2]. These materials are
vital for validating analytical methods and calibrating
the instruments used in carbon capture and storage
processes.

To date, the LGR has prepared eight gas mixtures. These
include four bicomponent mixtures (two consisting of
SO; in a CO; matrix and two of H»S in a CO, matrix)
and four multicomponent mixtures (two containing SO,
CO, and O; in a CO; matrix, and two with H,S, CO,
CH4, and O3 in a CO; matrix). These mixtures were
successfully characterized to measure four pollutant
gases and oxygen in a CO, matrix under high pressure,
approximately 40 bar. The certification of these
mixtures required an extensive stability study.

The stability of these mixtures was evaluated over one
year using statistical methods. The Normalized Error
(E,) function, as specified by the ISO 13528 standard for
statistical analysis, was employed to ensure accuracy
and reliability in the results [3]. This rigorous approach
underscores the project's commitment to providing
industry and research sectors with robust and reliable
metrological solutions.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 323, 09001 (2025)
22" International Metrology Congress

https://doi.org/10.1051/epjcont/202532309001

2 Production of reference gas mixtures

The production of reference gas mixtures is done
according to ISO 17034 [4] that specifies the
requirements for the production of Certified Reference
Materials (CRMs), ensuring high-quality and reliable
standard gas mixtures. The process involves detailed
documentation, and rigorous quality control to ensures
high accuracy and traceability to the International
System of Units (SI) [5, 6]. Producers must validate
methods, assess uncertainties, and conduct stability
studies to guarantee accuracy over time. Compliance
with ISO 17034 ensures CRMs meet international
standards for calibration, testing, and analytical
measurements.

2.1 Preparation of gas mixtures

The preparation of gas mixtures following the ISO
6142-1 standard involves gravimetric methods, which
are based on the precise weighing of components [7].
The process starts with the selection of a suitable gas
cylinder, which must be thoroughly cleaned and
evacuated to prevent contamination. The cylinder is then
filled with the desired gas components, introduced
sequentially, starting with the minor components (trace
gases) and finishing with the balance gas, often nitrogen
(N2) or carbon dioxide (CO2).

The mixture is prepared by gravimetric addition of each
component. The mole fractions of the components in the
final mixtures are calculated using the following
equation [7]:

st gensr)

x; = ——re Al (1)

ZA:I(W:MLA‘M!')
Where: x; is the mole fraction of the component 7 in the
final mixture, i = 1,...., n; P is the total number of the
parent gases; n is the total number of the components in
the final mixture; my is the mass of parent gas 4
determined by weighing, A= 1,...... , P; M;is the molar
mass of the component 7; x; 4 is the mole fraction of the
component .

Each gas is added using a high-precision mass
comparator balance capable of measuring mass with a
very low uncertainty. The mass of each component is
calculated, considering the buoyancy effect of the
surrounding air on the balance. Once all components are
added, the total composition of the mixture is
determined from the masses of the individual
components and their respective molar masses.

After preparation, the mixture undergoes a
homogenization process, which typically involves
rotating the cylinder to ensure uniform distribution of
gases within the cylinder. Finally, the prepared gas
mixture is calibrated with others gas standards, by a
suitable analytical method, to confirm its composition
and validate the gravimetric calculations.

The traceable gas mixtures are widely used in
calibration, environmental monitoring, and industrial
applications.

Fig. 1. Filling Station and the mass comparator balance.

2.2 Certification of gas mixtures

The ISO 6143 standard provides a systematic
framework for the calibration of gas mixtures using a
multi-point method [8]. This approach involves
comparing the response of an analytical instrument to a
set of calibration gas mixtures with known
compositions, referred to as reference standards. The
goal is to establish a reliable relationship between the
instrument's response and the concentrations of the
target components in the mixture being analysed.

Fig. 2. Certification of Gas Mixtures Facility.

The process begins by selecting reference gas mixtures
that cover the range of concentrations expected in the
sample. These reference standards must be traceable to
SI and prepared with high accuracy, often using
gravimetric methods according to ISO 6142-1 [7]. The
instrument response to each reference mixture is
recorded, typically using signals such as peak areas or
voltages, depending on the type of analyser is used.

A mathematical model, such as a linear or polynomial
regression, is then applied to describe the relationship
between the instrument response and the concentration
of the analyte. ISO 6143 [8] emphasizes the evaluation
of uncertainties for both the reference mixtures and the
instrument response, ensuring the calibration curve is
accurate and reliable.

Finally, the established calibration curve is used to
determine the composition of unknown gas mixtures by
measuring their instrument response and interpolating
within the range of the calibration standards. This
process is essential for applications requiring high
precision, such as environmental monitoring and
industrial quality control.
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3 Stability Study

The stability study of the eight bi-component and multi-
component mixtures prepared was conducted over
approximately one year. The analysed parameters
included H-S, CO, Oz, CH4, and SO: in a CO: matrix.
This research aimed to assess the chemical interactions
and long-term stability of these gas combinations.
Understanding their behaviour is crucial for industrial
applications, storage, and transportation safety.

This study was conducted using Primary Reference
Material (PRM) of several multicomponent mixtures
(Table 1, Table 2, Table 3, Table 4, Table 5). All these
reference gas mixtures were prepared in carbon dioxide
matrix. The calibration curves were done using primary
standards in nitrogen matrix. With these primary
standards we can have traceability to the standards of
these impurities in COx. In this case, the matrix will not
influence the analysis because the analysers in question
do not detect CO; just as they do not detect nitrogen.
Each of them detects only the respective gas.

The purpose is to determine the shelf life of this type of
mixtures, that is, the actual period during which a
mixture can be considered stable concerning its original
metrological specifications.

The study was conducted according to ISO 13528
standard [3], which provides various statistical
evaluation methods that can be used in specific tests or
measurements and for monitoring the ongoing
performance of laboratories. In this context, it will be
used to compare two concentrations: the concentration
resulting from the initial certification and the
concentration obtained in subsequent certifications
according to the international standard ISO 6143 [8],
over the lifetime of the standard.

In this study, we used the normalized error (En)
statistical tool that is typically applied in comparison of
measurement systems, calculated according to the
following equation:

En — Xcer1 ~ Xcern (2)

2 2
JUcer1” + Ucern

Where xce; is the concentration value from the first
certification and xce.n is the concentration value
resulting from the n” certification. Uc..; represents the
uncertainty associated with xc.; while Ucem is the
expanded uncertainty associated with xce. With this
statistical tool, the results are considered satisfactory if
|Eq| < 1 and unsatisfactory if |En| > 1.

4 Results

Four gas mixtures, Primary Reference Material (PRM),
were carefully prepared for analysis, including two
binary combinations of H,S in a carbon dioxide matrix,
designated as PRM108595, PRM108596 and two
mixtures of SO, in CO,, labelled as PRM408326 and
PRM108593, were also carefully assembled. This study
facilitated the comprehensive characterization of these

four mixtures, each contained within individual
cylinders maintained at an approximate pressure of 40 bar.

Furthermore, four multicomponent mixtures were
prepared in a CO, matrix, PRM608395 and PRM308978
with the impurities SO,, CO and O,; and two,
PRM202557 and PRM302530, with the impurities H»S,
CO, Oy, and CH4. These mixtures were contained within
four cylinders at an approximate pressure of 40 bar each.
No stability study was conducted on the PRM308978
because this cylinder was sent for analysis to one of the
participants of the MetCCUS project.

Table 1. Results of the stability study for the prepared binary
mixtures of H2S/CO»

PRM108596 H>S/CO:2
Date X pmol/mol U pmoi/mol En
2023-09-11 9,64 0,47 -
2024-04-23 10,22 0,42 0,92
2024-11-08 10,02 0,34 0,66
PRM108595 H:S/CO2
Date X pmol/mol U umol/mol En
2023-09-11 9,97 0,48 -
2024-04-23 9,87 0,35 -0,17
2024-11-08 9,61 0,29 -0,64

Table 2. Results of the stability study for the prepared binary
mixtures of SO2/CO2

PRM408326 S02/CO:2
Date X pmol/mol U pmot/mol Ex
2023-09-04 19,52 0,51 -
2024-04-18 20,16 0,57 0,84
2024-11-18 19,9 1,1 0,31
PRM108593 S02/CO2
Date X pmol/mol U umol/mol En
2023-09-04 20,71 0,50 -
2024-04-18 20,71 0,58 0,00
2024-11-18 20,5 1,0 -0,19
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Table 5. Results of the stability study for the prepared
multicomponent mixture of H2S +CO+02+CHa / CO2

Table 3. Results of the stability study for the prepared
multicomponent mixture of SO2+CO+02 / CO2

PRM608395 SO+CO+02/ CO2 PRM302530 H2S+CO+02+CH4 / CO2
SO H2S
Date X pumol/mol Upmol/mol Ex Date X pmol/mol Uumol/mol En
2024-04-18 14,24 0,77 - 2023-12-04 9,92 0,40 -
2024-11-18 14,1 1,3 -0,09 2024-04-23 9,60 0,36 -0,59
co 2024-11-08 9,16 0,33 -1,5
Date X' pmol/mol Upmul/mol En co
2024-04-17 660,7 1,6 - Date X pumol/mol Uumol/mol En
2024-11-22 653.5 1,6 -3,2 2023-12-14 677,0 1,8 -
02 2024-04-17 674,3 1,5 -1,1
Date X emol/mol Ucmol/mol Ex 2024-11-22 666,5 1,6 '4,3
2024-04-16 0,568 0,048 - 02
2025-01-23 0,572 0,017 0,08 Date X cmol/mol U cmol/mol En
2023-12-18 0,602 0,051 -
2024-04-16 0,591 0,058 -0,14
Table 4. Results of the stability study for the prepared 2025-01-23 0,585 0,017 -0,32
multicomponent mixture of H2S +CO+0O2+CHa4 / CO2 CH4
PRM202557 H2S+CO+0:+CH4 / CO2 Date X emol/mol U cmol/mol En
H2S 2023-12-05 1,915 0,015 -
Date X pumol/mol Upmol/mol En 2024-04-17 1,9270 0,0059 0,74
2023-09-20 9,83 0,48 - 2024-11-28 1,9284 0,0060 0,83
2024-04-23 9,73 0,33 -0,17
2024-11-08 9,61 0,28 -0,40
co
Date X pmol/mol Uumnl/mol En 5 Summary
2023-09-15 669,5 2,7 ) In conclusion, IPQ has demonstrated its ability to
2024-04-17 662,3 1,6 23 prepare and certify reference materials (CRM) for
measuring impurities of H,S, SO,, CO, O, and CHy in
2024-11-22 6544 16 48 CO,, within the requested concentration with
0, metrological traceability. The uncertainties obtained
were as expected.
Date X cmol/mol U cmol/mol En
2023-09-15 0,586 0,027 - The stability study has confirmed that, except for CO,
all components remain stable for about one year within
2024-04-16 0,582 0,048 0,07 the associated uncertainties. To further refine our
2025-01-23 0,586 0,017 0,00 understanding, a longer study will be conducted to
CHa determine the stability period of each type of mixture.
Date X cmol/mol U emolimol En Looking ahead, this research may be extended to
2023-09-14 1.9685 0.0060 . mlxt.u'res containing additional corpponents.
Additionally, to enhance the scope of the project, these
2024-04-17 1,9686 0,0061 0,01 mixtures will be analysed using alternative analytical
2024-11-28 1.9706 0.0062 0.24 methods to gather more data for further characterization
’ ’ ’ of the mixtures.
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22NRMo07 GuideRadPROS: A survey on calibration of radiation
protection dosimeters in photon reference fields — current
practices and standardization and training needs
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Regular calibration of radiation protection dosimeters is of great importance to ensure accurate
measurements and the adequate protection of workers and the public. Calibrations are required by the European
Legislation (EURATOM directive) and by many individual countries, both in Europe and in other regions. Some
countries have additional requirements, such as verification, testing or type testing of dosimeters. All these
requirements improve the confidence in measurements and improve overall radiation protection. Photon
dosimeters are typically calibrated and tested in reference radiation fields, which are realized in Primary and
Secondary Standards Dosimetry Laboratories according to the standard ISO 4037. The standard was updated in
2019, but early adopters reported problems with its implementation and missing data. Especially smaller
laboratories needed additional training. This was one of the main reasons to establish a project within European
Partnership on Metrology, with the name 22NRMo7 GuideRadPROS “Harmonisation, update and
implementation of standards related to radiation protection dosimeters for photon radiation”. A survey was
organized in the project, and 40 replies were received, with 34 answers from 27 European countries. Considering
the small number of calibration laboratories and considering that some countries do not have any calibration
laboratories, the coverage of Europe was excellent. The survey showed that only half of the respondents
completely implemented the new version of ISO 4037. Setting up gamma reference fields is clear to most
respondents, but around half of the respondents have problems (unclear requirements, missing information,
difficult to implement) with X-ray reference fields, half-value layer measurements and measurement uncertainty.
Only a few respondents stated that X-ray tube voltage, spectrometry and Am-241 fields are adequately covered in
the standard. A significant number of laboratories expressed training needs in high voltage measurements
(27 respondents), spectrometry (24), setting X-ray reference fields (18), measurement uncertainty (18) and other
topics. Survey inputs are used by 22NRMo7 GuideRadPROS project to develop training courses and e-training
materials, and to collate future research needs. The project will generate guidelines on spectrometry and will
investigate conversion coefficients and associated uncertainties allowing for a future edition of the ISO 4037
standard.

Acknowledgments: The project (22NRMo7 GuideRadPROS) has received funding from the European
Partnership on Metrology, co-financed from the European Union’s Horizon Europe Research and Innovation
Programme and by the Participating States. Funded by the European Union. Views and opinions expressed are,
however, those of the author(s) only and do not necessarily reflect those of the European Union or EURAMET.
Neither the European Union nor the granting authority can be held responsible for them.
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Em qualquer dominio de atividade
(técnico, cientifico, comercial, entre
outros) a rastreabilidade das medigdes é
um aspeto essencial para assegurar o rigor
dos resultados e a sua comparabilidade

¢8o para o controlo de
temperatura e de campo magnético

Sistema de vécuo

Criostato

Figura 1. a. m

A rastreabilidade metroldgica é definida como a “propriedade dum
resultado de medigéo pela qual tal resultado pode ser relacionado a
uma referéncia através duma cadeia ininterrupta e documentada de
calibragdes, cada uma contribuindo para a incerteza de medigdo”.
Esta cadeia de calibragdes, em que o resultado da indicagdo de um
instrumento de medigao é relacionado com a indicagao de um ou-
tro instrumento de medigédo (padrao) de exatiddo superior, asse-
gura a ligagédo a uma referéncia comum estabelecida pelo topo da
cadeia. Essa referéncia, ou padrdo de referéncia, materializa uma
quantidade expressa, com o maior rigor possivel, de acordo com o
estado da arte, nas unidades de medida acordadas para a grandeza
fisica ou quimica em questé&o, e assegurando, dessa forma, a com-
parabilidade e uniformidade das medigdes.

As unidades de medida sdo estabelecidas por convengdo en-
tre os Estados-Membros e sob a responsabilidade do Bureau
International des Poids et Mesures (BIPM), organizagao interna-
cional e intergovernamental, criada em 1875, através do tratado da
Convengéo do Metro, da qual Portugal € membro fundador.

Em 2019, o BIPM publicou a ultima revisdo do Sistema
Internacional de Unidades (SI), passando as 7 unidades base (ki-
lograma, metro, segundo, ampere, kelvin, candela, mole) a estarem

www.oelectricista.pt

Vitor Cabral’, Isabel Godinho
Instituto Portugués da Qualidade, I. P. Q.
'vcabral@ipg.pt

definidas em termos de contantes fundamentais da natureza, com
valores imutaveis e exatos (publicada em maio de 2025 a Tradugao
Luso-Brasileira). As unidades de medida das grandezas derivadas
sdo estabelecidas através de produtos de poténcias das unidades
base.

Os Institutos Nacionais de Metrologia, entre outros aspetos,
sdo responsaveis por estabelecer a realizagdo pratica das defi-
nigbes das unidades de medida e por assegurar a rastreabilidade
das medigdes ao Sl através da calibragéo de instrumentos de me-
digdo, nomeadamente dos padrdes usados pelos Laboratérios de
Calibragdo acreditados que, por sua vez, asseguram a calibragao
de instrumentos de medigdo usados na industria e servigos. Em
Portugal, essa missao é assegurada pelo IPQ — Instituto Portugués
da Qualidade.

A definigdo atual da unidade base da corrente elétrica, ampere,

estabelece que 1 A corresponde ao fluxo de 1/(1,602 176 634 x 10719)-

cargas elementares por segundo.

Historicamente, a realizagdo da unidade de corrente elétrica
apresenta maior dificuldade do que a realizag&o prética do volt e do
ohm. Enquanto estas sdo materializadas, respetivamente, através
dos Efeitos Quanticos de Josephson e de Hall, que asseguram a sua
rastreabilidade direta as constantes fundamentais da natureza —
constante de Planck (h) e carga elementar (€) — a definigdo pratica
do ampere recorreu, durante décadas, a sua determinagao indireta
pela lei de Ohm. Atualmente, a aplicagdo universal destes efeitos
quanticos torna possivel a realizagado pratica do ampere. As Figuras
1 e 2 ilustram, de forma esquemética, os sistemas experimentais
implementados no IPQ para a realizagdo pratica destas unidades
elétricas.

Figura 2. a.




dossier sobre instrumentacao, medica

Estes padrbes primdrios permitem a realizagdo das respetivas
unidades de medida com incertezas tipicas na ordem de algumas
partes em 10.° e asseguram a sua transferéncia para padrées de
referéncia, constituindo o segundo nivel na cadeia de rastreabilida-
de. Estes padrées de referéncia, por sua vez, sao utilizados na ca-
libragdo de instrumentos de medigao multifungao, tais como cali-
bradores ou multimetros de elevada resolugao, cuja exatidao é da
ordem de algumas partes por mithdo. No extremo desta cadeia de
rastreabilidade encontram-se os multimetros de mao, cujas especi-
ficagdes sdo geralmente expressas em termos do erro maximo da
sua indicagado (Figura 3).

A extensdo destas cadeias de rastreabilidade a outras grande-
zas derivadas no dominio elétrico, como capacidade, induténcia, po-
téncia e energia e a necessidade de construir escalas para abranger
intervalos de medigdo acima a abaixo dos valores iniciais de mate-
rializagdo das unidades de medida, exigem sistema complexos e de
operacionalizagdo demorada. Constituem, por isso, um desafio para
os Institutos Nacionais de Metrologia que os procuram implemen-
tar e desenvolver continuadamente na procura de sistemas capazes
de atingir elevados niveis de exatiddo e de operacionalizagdo mais

Figura 3. a. m
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eficiente. Regionalmente, os Institutos Nacionais de Metrologia agru-
pam-se em associagdes para coordenar o desenvolvimento de tra-
balho conjunto. Na Europa, essa entidade é a EURAMET. Nos ultimos
anos, muitos dos projetos de investigagao conjuntos a nivel europeu,
e em que Portugal tem participado ativamente, tém-se focado no
desenvolvimento de aplicagdes dos padrdes de tensdo Josephson,
para substituir os sistemas de rastreabilidade classicos de tenséo
AC, baseados em termo conversores AC-DC e na amostragem digital
de sinais elétricos AC com multimetros rastreados diretamente aos
padrdes Josephson.

(11

As unidades de medida sdo estabelecidas
por convencdo entre os Estados-Membros
e soba r(’sponsablhdade do Bureau
International des Poids et Mesures
(BIPM), organizacao internacional e
intergovernamental, criada em 1875,
atraveés do tratado da Convencado do Melm
da qual Portugal € membro fundador.

Em sintese, a rastreabilidade das medigdes, em particular no domi-
nio elétrico, é essencial para garantir o rigor e a comparabilidade dos
resultados. A Metrologia, ciéncia da medigao e das suas aplicagdes,
estd em constante desenvolvimento técnico-cientifico para assegu-
rar a implementagao destas cadeias de rastreabilidade e a melhoria
continua da exatiddo das medigdes, com impacto nos mais diversos
aspetos da nossa vida quotidiana. E:

PuB

IP65 oy
{ (LA E T L A
150W
Ref |
LDP-301-056-3 |
200W

: Ref |
LDP-301-057-3 | _

www.ledup.pt




APLICACOES DA METROLOGIA EM CUIDADOS DE
SAUDE

Maria do Céu Ferreira

1. INTRODUCAO

Ao longo das ultimas décadas, a crescente consciencializagdo para a necessidade da
melhoria continua dos servicos e cuidados de saude tem evoluido de uma forma
significativa, permitindo a utilizacdo de instrumentos cada vez mais sofisticados e
complexos. Esta evolugdo tem proporcionado o acesso a novos meios de diagnodstico e de
terapéutica, com otimizacdo dos respetivos parametros de eficacia e de eficiéncia, sendo
também nesta matéria os resultados das medi¢des parametros fundamentais.

Considerando que o valor de qualquer grandeza é determinado através de medicdes, a sua
influéncia nos processos de decisdo, designadamente nos que envolvem a avalia¢do clinica
e, por conseguinte, a evolucdo do diagnéstico e/ou tratamento, é, indiscutivelmente, uma
realidade na sociedade. Nesta vertente, a importancia da Metrologia em saide, como
ciéncia da medicdo, apresenta-se de uma forma permanente e transversal. Nesta vertente,
o subsistema da Metrologia, inserido na estrutura organizacional do Sistema Portugués da
Qualidade que é coordenado pelo Instituto Portugués da Qualidade, desempenha um papel
fundamental na consecuc¢io da garantia da Qualidade, enfatizando-se a sua relevancia nos
servicos e nas institui¢des de saude.

2. A IMPORTNANCIA DA RASTREABILIDADE METROLOGICA
DAS MEDICOES

Entre as varias atribui¢cdes da Metrologia, salienta-se a definicdo das unidades de medida
internacionalmente aceites, onde naturalmente se inclui os padroes e os instrumentos de
medicdo, bem como todos os assuntos que estdo relacionados com as medi¢des (Ferreira,
2013).

No dominio da satde, as caracteristicas metrologicas dos instrumentos médicos com
fun¢do de medigdo, habitualmente designados por equipamentos médicos, e o rigor das
medicoes preconizadas pelos mesmos, apresentam-se como fatores determinantes em
saude. A fundamentagdo para tal, assenta na importancia da indicagdo dos resultados das
medicoes, que influenciam a decisdo/evolucdo do diagnéstico e/ou tratamento. Essas
medi¢des contribuem assim de forma significativa para o diagndstico clinico e processos
terapéuticos, com o consequente impacto no doente/utilizador ou cliente (Ferreira, 2011).
Nesta matéria refira-se, como exemplo, a importancia da utilizacdo dos equipamentos de
ultrassons (ecégrafos) na medigdo exata do didmetro de um vaso, amplamente utilizado
em protocolos cardiovasculares, ou na determinagido das caracteristicas dimensionais de
uma massa num determinado 6rgdo, ou ainda, numa outra vertente, a importancia da
dosagem exata dos firmacos ministrados através dos sistemas de bombas de perfusao.
Refletindo em outras areas clinicas, outros exemplos de aplicagdo emergem: no dominio da



hemodialise, é crucial para o sucesso do processo o rigor da indicagdo do instrumento de
pesagem (balancga) utilizado com o paciente, entre outros aspetos. Ao caminharmos para o
dominio das radiacoes ionizantes e respetivos impacto que as mesmas exercerem no corpo
humano facilmente é percetivel o qudo importante é conhecer com a maxima exatiddo a
quantidade de radiacdo a debitar.

Ainda na vertente clinica, e apesar de ser um processo relativamente simples, a medi¢do da
pressdo arterial esta sujeita a varios fatores de erro (erros aleatorios e erros sistematicos)
que poderdo conduzir a falsos diagnésticos. Em fungdo do estado de saude do utilizador
dos instrumentos de medicdo, esta ocorréncia podera ter impacto significativo na sua
qualidade de vida e, com repercussdes econdémicas e sociais.

Varios outros exemplos poderiam ser elencados, pois em todas as areas clinicas existem
instrumentos médicos com fun¢do de medicdo que sdo diariamente utilizados. De facto, o
que a pratica diaria evidencia é que, em todos os processos clinicos existe um
denominador comum relativamente ao qual, e no atual contexto, se designa por
rastreabilidade metroldgica, e que poderd contribuir para o sucesso ou insucesso dos
resultados clinicos.

De acordo com o Vocabulario Internacional de Metrologia (VIM, 2012), rastreabilidade
metroldégica é uma propriedade do resultado da medicdo, através da qual esse mesmo
resultado pode ser relacionado com uma referéncia. Assim, no caso de nio ser possivel
relacionar a indicagdo da medi¢do com um padrao credivel e comparavel, a probabilidade
de ser disseminado um resultado ndo verdadeiro é real e significativa, com todas as
consequéncias que poderao derivar desse resultado ndo conforme.

Também nesta vertente, assume especial relevancia o controlo da qualidade do
equipamento e a garantia do correto funcionamento dentro das suas especificacoes, sendo
de importdncia vital para a seguranca dos utilizadores (profissionais de saude,
doente/utente, terceiros) e para a credibilidade das medi¢des e dos seus resultados
(Ferreira, 2015).

2.1 COMO ASSEGURAR A EFETIVA RASTREABILIDADE
METROLOGICA DAS MEDICOES

A medicina estabelece consensos e estratégias para tratamento e diagndstico de
patologias, assumindo que as instituicoes de saude e os instrumentos de medigdo
utilizados na obtencdo de diagnésticos funcionem em conformidade, com resultados
aceites e confiaveis. Por outro lado, uniformizar e integrar verdadeiramente os conceitos
da qualidade em sadde entre os varios profissionais da saude e aproximar a respetiva
aplicabilidade de uma forma generalizada, continua a constituir um enorme desafio para
varias organizacdes de saude.

Na realidade, a implementacdo de modelos de governagio clinica assentes em principios
de gestdo pela qualidade, orientados para ganhos (mensuraveis) em saude sdo,
indiscutivelmente vetores catalisadores de uma efetiva cultura da qualidade.

Assim, uma questdo relevante que qualquer profissional de saide deveria colocar a si
préprio antes de aceitar um resultado de uma medi¢do indicado por um equipamento



médico com fung¢io de medicdo, seria questionar-se sobre a sua validade. Obviamente que,
a analise critica de qualquer resultado, designadamente o de uma medi¢do, implica uma
atitude proé-ativa, mas também um conhecimento prévio dos valores aproximadamente
espectaveis, face as referéncias conhecidas. Em muitos dominios, este comportamento
podera marcar a diferenca entre um bom ou um mau diagnostico.

Considerando que as medic¢oes realizadas em contexto clinico estdo relacionadas com as
grandezas do Sistema Internacional de Unidades, SI (BIPM 2019) tais como a massa,
temperatura, comprimento, etc., consideram-se aplicaveis os principios adotados para as
diversas areas de intervenc¢do na sociedade, onde a atuagdo da metrologia é uma realidade
h& muito praticada. Seguindo essa linha de raciocinio, existe uma forte necessidade de
conhecer e otimizar a rastreabilidade metrolégica dos instrumentos de medi¢do, pois o
conhecimento das condi¢des de reprodutibilidade e de repetibilidade de um instrumento
de medi¢do é um requisito obrigatério nas boas praticas metroldgicas, independentemente
da area de atuacio.

A utilizacdo de equipamentos médicos com erros desconhecidos (ndo existe erro nulo,
contrariamente ao que frequentemente se assiste) no diagndstico e no tratamento de
doentes, em muitas situag¢des, podera induzir a alteracdes nos parametros, nos protocolos
e nas condicdes terapéuticas aplicadas e, consequentemente, conduzir a um procedimento
inadequado (Barroso, 2021).

Apesar de em Portugal, maioritariamente, os servigos de sadde (publicos e privados)
apresentarem Sistemas de Gestido da Qualidade implementados, o cumprimento de
requisitos relacionados com a rastreabilidade metrolégica dos instrumentos de medicao
ainda esta longe de uma abordagem similar a que é aplicada em outros sectores da
sociedade. Inclusivamente, em diversos contextos de avaliagdo, a abordagem metrolégica
oscila em fungdo da area de avaliagdo e dos conhecimentos especificos de quem avalia. Em
complemento, como ndo existe uma monitorizacdo da conformidade metrolégica de
acordo com os requisitos estabelecidos para cada area clinica, o acesso as caracteristicas e
desempenho metroldgico dos equipamentos médicos torna-se uma tarefa dificultada.

No sentido de contribuir para a melhoria continua dos servigos de satide e minimizar o
impacto da auséncia de rastreabilidade metrolégica, o Instituto Portugués da Qualidade
publicou recentemente legislacdo para a implementagdo de controlo metroldgico legal em
quatro dominios distintos. Assim, a par dos instrumentos de pesagem e do dominio das
radiacdes ionizantes, em novembro de 2023 foram publicados novos diplomas aplicaveis
ao controlo metrolégico legal de termdmetros clinicos, esfigmomanémetros, audiémetros
e tondmetros.

Tabela 1: Legislacdo nacional aplicavel ao controlo metrolégico legal de instrumentos de
medicdo no ambito da saude

Portaria Ambito de aplicagiio
Portaria n.° 351/2023 de 14 de novembro Controlo metrolégico legal de audiémetros
Portaria n.° 368/2023 de 15 de novembro Controlo metrolégico legal de tonémetros

Controlo metrolégico legal de termémetros

Portaria n.° 367/2023 de 15 de novembro P
clinicos




Controlo metrolégico legal dos

1 0
Portaria n.? 354/2023 de 14 de novembro instrumentos de medicdo da pressdo arterial

Portarian.? 356/2023 de 14 de novembro Controlo metroldgico legal dos
instrumentos de medicdo de radiacdes
ionizantes

Portaria 320/2019, de 19 de setembro Controlo metroloégico legal dos

instrumentos de pesagem nao automatica

Assim, através da implementacdo de operagdes de verificagdo metroldgica realizadas por
entidades com qualifica¢gdes devidamente reconhecidas para os devidos efeitos, o rigor das
medi¢des encontra-se assegurado bem como os resultados que fundamentam a medicina
baseada na evidéncia. Encontram-se assim, reunidas as condi¢Ges iniciais para a efetiva
promo¢do e aplicacdo de abordagens adequadas do ponto de vista da metrologia,
qualidade e rastreabilidade das medigdes nos diferentes tipos de equipamentos,
procedimentos e praticas vigentes na area da satuide, com envolvimento dos profissionais e
entidades do setor.

3. CONCLUSOES

Garantir o rigor e a exatiddo das medi¢des € uma condi¢do prévia a assegurar, em prol da
qualidade dos servigos e da seguranca do utilizador.

O atual cenario permite afirmar que em Portugal, a Metrologia aplicada aos equipamentos
médicos tem contribuido para a melhoria continua dos servigos de satde e dos respetivos
procedimentos aplicaveis, contudo, tem ainda um longo caminho de implementagéo pelas
instituicGes de salide. Neste enquadramento, qualquer estratégia de desenvolvimento futuro
tera de passar por uma maior participagéo dos utilizadores do sistema, que inclui a atuacao
governamental através de relaces e cooperacBes interministeriais, permitindo as
organizacOes promover beneficios para a salde, para a economia e para a Qualidade dos
servicos e dos cuidados de satde.
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o - A terapia de perfusio £ a forma mais co-
Metrologia na terapia mum e administragéo de medicamentos

~ - em doentes nos cuidados de sadde. De-

d f = d f wido & sua ampla utilizagdo, especialmente
e per “sao' esa Ios e ras Unidades de Cuidados Intensivos (UCH)

F - hospitalares, ocorrem frequentemente er-

avangos tecno‘og Icos ros de perfusdo, que podem ter graves con-
sequéncias em determinadas aplicact

cizimente em doentes vulnerdvels
coma no deminio da neonatologia. Existem
inimercs casos em que esses incidentes
adversos estio associzdos a dosagens ina-
dequadas ou imprecisas, contribuindo sig-
nificativaments para o aumento das taxas

)

de morkilidade & mortalidade.

Fara aplicacées criticas de perfusdo em
doentes vulnerdveis, € essencial garantir
uma administragan rigoresa & bem contro-
lzda de medicamentos, o gue pode ser al-
cangado atraves da melhoria da exatidio da
dosagem e da medicdo rastreada de todas
as grandezas envolvidas, nomeadamente
volume, caudal & pressio em dispositivos
de administrag
zores em linha gue operam a caudais muito
baixos,

Messe contexto, & contribuigac das infraes-
truturas metrolcgicas recentemente instala-
das nos Insttutos de Metrologia Europeus.
ne ambito dos projetos MeDD e MeDDI
tem sico fundamental para garantir uma te-
rapia de perfuséo mais segura em cuidados
de saide, onde o rigor, & rastreabilidade & a
comparabilidace das medigdes s3o fatores
VOIS

de medicamentos e sen-

e

A gualidade dos cuidados de sadde & uma
verdadeira medida do bem-estar social e
20, Ela depende nao apenas de
recursos econdmicos, mas tambem da ex-
celénciz cientfica. do  desenvolvimento
tecrologico & do progr
Mas Unidades de Cuidados  Intensivos
WLICI), a terapia de perfusdo & a forma mais
comum de tratamento, tornando a adminis-
traczo de medicamentos por esta wia um
procedimenta crucial, A ampla utilizacio da
terapia de perfusao nos cuidados de sadde
tem sido recentemente associzda a erros
de perfusdo subestimados, que ocorrem
por Elsa Batista, Maria do Céu Ferreira, Isabel Godinho frequentemente, mesmo em condicdes de
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dossier metrologia nos dispositivos médicos e equipamentos de satude

Figura 1. Solugges altamente concentradas
de medicamentos de alto risco sao frequen-
temente administradas a baixo caudal para
evitar sobrecarga de volume, mas através
da mesma licha, aumentanda assim ¢ ris-
co de incempatibilidades de medicamentos
f10). Diversos estudos indicam que 13,7
% das perfusdos simultdneas de medica-
mentos em UCH Pediétricas e 74 % em UCI
Neonatais 30 incompativeis ou ngo foram
previamente testadas [11-12]. As oclusoes
resultantes dessas incompztibilidaces de
medicamentos padem gerar efeitos adver-
505 graves, incluinde embclias pulmaonares,
formacdo de granulomas ou sindrome de
resposta Inflamatoria sistémica [13-14]
representando riscos significativos pars a
seguranca dos doentes.

Desconhece-se a existéncia de estudos
de avaliacao das incompatibilidaces medi-
camentosas, designadamente no que diz
respeito as diferentes propriedades dos
fluidos, como 2 viscosidade, que pode mo-
tivar a ocorréncia de alarmes de oclusao.
Assim, € extremamente importante que &
administracao de medicamentos € outros
fluidos seja rigorosamente controladz zo
longo do tempo, e que 3 dose administra-
da seja conhecida com exatidao, especial-
mente para medicamentos criticos em alta
concentracao [17-18]. Embora a monito-
rizacao do doente forneca uma indicacdo
de possiveis erros de dosagem, 0s sinais
vitais dos doentes sac influenciados por
multiplos parametros, permitindo apenas
identificar informagées indiretas scbre a
qualidade e a quantidade da administragao
de medicamentos [19]. Da mesma forma,
2 monitorizacdo da perfusao, conforme in-
dicado pela frequénciz e duragdo dos alar-
mes do dispositivo de perfusao, cepende
muito do tipo de fluido administrado, mas
depende também do local, dz horz do dia
e da semana, do estado de manutengéo do
equipamento, etc. [20]. Em aplicacdes de
multiperfusao, as condigdes reais de dosa-
gem, além do ponto de mistura na linha de
perfusao, no sio conhecidas e sic afeta-
das por vérios parametros com interagdes
indefinidas (volume morto, oclusdo, ar na
linha, entre outras} podendo desviar-se da
dose de medicamento pretendida. Assim, a
exatidao dos ajustes do ponto de defnigéo
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do caudal, com base nos sinais vitais do deente efou alarmes registados, que constitul a
pratice estace ecica nas LCI, € insuficiente pare garentir a administragao segura e rigorcsa
de medicamentos aos dostes,

Os riscos na terapia de perfusdo pedem ser atribuidos, principalmente, a quatro razoes:
Falta de dados ouantizatvos reais € fidveis sobre 2 dosagem de medicamentos disponivels
para tedos 05 medicamentes administrades simultaneamente,

Falta de cenhecimento do pessoal médico efou dos fabricantes de sistemas de perfusdo.
Compreensac inadequada de funcionzmento do sistema de administracio de medica-
mentes.

Falta de uma infresstruture metrelégica adequada, especialmente para caudais baixos de
administracéo de medcamentos.

Estas deficiéncias na terapia de perfuséo peaem ser efetivamente solucionadas utilizando o
cerhecimento adquirido durente os desenvolvimentos recentes em Metrologia € nos pro-
jetes MeDC. Os desenvolvirrentos técnico-cientificos verificados nos Ultimos anos na area
de microcaudal. alizdos 3 uma infraestrutura metrologica eficiente, podem disponibilizar 2os
fabricantes de dispesitivos de administragéo de medicamentos dados precisos & confiavels
sobre ¢ desempenha real desses dispositivos em condigdes de uso, contribuindo para uma
maior seguranca e ef cécia na terapia de perfusac,

Conseguentements, os fabricantes poderzo obter uma melhor compreenséo sobre a dose
de medicamento esperada, permitndc também que os utlizadores de dispositivos de admi-
nistrecao de medicamentos tenham um melhor entendimento e conhecimento sobre esses
dispositives através da sua celibracao, prevenindo a administracdo incorreta de medicamen-
Tos,

Manutencio, caracterizagdo e calibragdo de bombas de perfusio

£ calibracac e a manutencac das bombas de perfusao sac essencizis para identificar quais-
quer problemas com o equigamento e garantr o estade operacional adequado dos instru-
mentos, assegurendo & dosagem correta aos dosntes e minimizanco os potenciais riscos de
seguranca, Protocolos de manutengac apropriados, fornecidos pelos fabricantes de bombas
de perfuséo. devem ser rigcreszmente seguides pelo pessoal técnico zutorizado nos inter-
valos oe servico recomendados.
E crucial gue o pesscal esteja familiarizaco com as especificades de desempenho e as
caracteristicas netroldgicas ceste equipamento pare garantir o funcionamento fidvel do sis-
tema de perfuséo [21.22).
Contude. ‘mpertez referir que os programas de manutencac para este tipo de equipamento
meédico rac pedem substitu’r 8 necessidade de calivragtes periddicas. Um método comum
de calibracéo pare determinar 9 erre do caudal de uma bomba de perfusac envolve o uso
de um anzlizader de caudal. que fomece informacaes sobre o caudal. a volume & a presséo.
O anzlizador serve como pad-Zo ce referéncia pare testar repidamente o desempenho das
hembas de perfusac; no entanto, é crucial que este padréo seja também calibrado regular-
mente, Esses anglisadores de disoositves de perfusao séo habitualmente utilizados pelos
servicos de manutencéo dos hospitzis [22].
Per outro lzco, € métade gravimeésrico [23] & amplamente utilizado pelos Institutos Nacio-
nais de Metrolcgia (INM 2 latoratdrios acreditades para calibrar e caraterizar as bombas de
perfusac ¢ 0s caudalimatros (Fegura 2), Este métedo primério de determinacao de caudal
corsists ng med ¢do da massa oe dpua [24) escoada da bomba de perfusio ao longo do tem-
pe. Esze valor é entio convetide em caudzl utitizande formulas apropriadas (1), adaptadas
da norma 1SC 4787 [25], pera uma temperatura de referéncia de 20 °C,
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igura 3 Calibragdo de uma seringa perfusora pelo mes

Em que;

Q@  Caudal velimico. em mL/s

-

: Tempo final. em s

.-;

Tempo inicial, em s

l, Resultado da pesagem fingl, em g

l Resultado da pesagem inicial, em g
&m,,, Impulséo, em g

p,  Massavolimica do arem g/mL

0, Massavolimica de referénci
massas da balanca. em g/mL

p, Massavolimica da dgua. em g/mL

T Temperatura da 3gua utlizadz no
procedimento experimentzl. em *C

¥ Coeficiente de expzansao térmica co
material de que ¢ feita a tubagem/
seringa descartavel, /°C

6,,, Taxade evaporacao, em mL/s

Existem varios fatores de influénciz que
devem ser consideracos ruma calibragao
gravimétrica, nomeadamente:
Bolhas de ar: Deve ser do umvaiu-
me suficiente de dgua atraves das linhas
urgar guaisquer balhas de ar

n

"' metrologia nes dispo

& tzmgo de re
postada tumba E necessério esperar até
que ¢ caudz| ssiecicnedo seia alczncade
Ydo 0 tempc necesséro pan is50 fre-
quentemente referi¢o como o atraso de
doseamento = depende o caudzl, Spo
de bombe & consumiveis utiizados.
Digmetre incereto da seringa: Pode
levar a grandss erros de dosegem. Por
exemplo, um erro ce 5 % nc dametro
da seringa code resultar em um 2o de
1C % no ceudzl de medicamento admi-
nistrado srentes mode os
de seringas podem ter diamer dife-
rentes. por isso € sempr2 importante

2 mercas

ifcar £55a 5 tUACAC
Evacoracio da dgua Se nac for contro-
lade adequacamente, peds causar uma
subastmacéo das medicd! caudal.
Conformicade dc equ pamen
efgitos de excansac nes componer
devido 4 elasticidzde dos materiais Fur
exemplo, 3 expansac de uma seringa
de plastico quando a presséo aumenta
durante a niciel zagao da bomba. A ex-
05 cerponentes também oode
ccorrer quandc o caudal aumsanta; este
UMENto na oressac pode causar 2 ex-
pansac da de 2efusio, serings e
cutios ecuizamenics, A ex2ansio re-
sulta no aumento do wolume internc,
odendc causzar uma rezposta retardada
para mudancas nc caudal [26]

d

pansac

sitivos medicos e equipamentos de saude

O mérode de calibragao gravimétrica apre-
senta limitagoes ao medir caudais ultrabai-
X0s, pois a incerteza de medicao aumenta
substancialment y torma-
-se um fator critico de erro, Foram impie-
m:—ntadas novas melhorias nos métcdos
gravimétricos existentes em varios LNM.
permitinde um aumento do intervalo de
medicac até 100 nL/min [23]. No entanto
€ necessario ir zinda mais longe em termos
de aumentc de intervalo de medicao (até
5 nL/ming, © que exigiu o desenvolvimento
de cutres métodos de *19(!-’_@0 de caudal
basezdos em medicoes oticas. Um exemplo
£ ¢ metodo que segue © deslocamento do
pistéo da seringa ao longo do tempo com
um interferometro (Figura 3) [27], imple-
mentado n
do IPQ.

& 2 evaporacao

) laboratono de vo

Harmonizacdo na terminologia

Devido a uma ligacao pouco consolidada
entre 0o mundo médico e a Metrologia
existem algumas inconsisténcias entre as
normas utilizadas no setor medico (por
exemplo. bombas de perf e a termi-
nclcgia e @ pratica metroldgica estabele-
cida, conforme descrito no Vocahulério
Internzcional de Metrologia (VIM) [28].
Este facto pode motivar a incorreta inter-
prefacao de conceitos relevantes para a
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pratica clinica com eventuais consecuén-
ciat na aplicacao de boas pratcas durante
2 utilizacdo de dizpositivos medicos pelos
servicos de salde.

L exemplo Tpico de falta de harmaoniza-
a0 nas praticas e terminclogia aplicadas
a equipamentos meédicos & a definicdo do
erro sistematice de um instrumento de
medigda, Na Metralogia (WIM) & nas nor-
mas médicas (por exemplo, 1IEC 60601-2-
24:2012 [2%]). sdc aplicadas duas defini-
coes diferentes. Comparando essas duas
definighes, o emo sistematico de um insiru-
mento de medicao ndo sd tem sinal oposto,
como tambem apresenta diferente valor de
amplitude para parametroz de czlibragao
especificados. Consequentements. as cor-
reqhes geralments aplicadas 25 indicacdes
destes instrumentos de medicdo utilizardo
o erro sistematico podem anginar resulta-
dos diferentes, dependendo da interpreta-
ca0 dos dados de calibragio, Os resultados
da calibracao das bombas de perfusio e a
sug interpretacdoc devem ser claraments
compreendidos pelos utilizadorss  finais,
dado que é essencizl para estzbelecer a
dosagem recomendads de medicarmentos
aos doentes. Se ndo existir um entendi-
mento harmonizado relatvo & definigao
de erro para um determinada dispositivo,
a5 devidas cormegdes a serem aplicadas
aos instrumentos podem estar incorretas.
Izz0 comprometeria & dose administrada e,
possivelmente, a condican do doents, Esse
entendimento terd de estar harmonizado
entre todas as partes envolvidas, designa-
damente entre fabricantss, metrologistas e
utilizadores finais.

Assim, o emo relativo do caudal de uma
bomba de acordo com o VIM é dado por:

_ Queotectonage = Gre{mm']ﬂ

Erra =
Qﬂf:re‘nriﬂ

= 100 %

Onde: Q. & o caudal selecionado na
bombae (), . . &ccaudsl real determina-
do na calibraggo, Um erro negativo significa
fue & bomba estd a fornecer um caudal aci-
ma do valor selecionado e um erro positivo
significa que esta a fornecer menos caudzl
do gue o desejado. Mo entanto, é de naotar

fque & utilizada uma definicio diferents na

32 | tEcuoHosETEL 1T JAMDROCFEVEREIRD 228

norna IEC &0&01-2-24:2012 [29], onde o
erro & dado pos

Qeoparinsta — Cestovionacn + 100 %

Erre =
QSE!EI:IDTI.EIII:

E importants identificar 2 forma de caloulo
o erre, caso contrario, podem ser aplicacas
corecnes erradas, Informagies mais deta-
|Fadzs scbre essas definicdes conflisantes
530 2prezentacas no relatcric MeD DIl [31].
Mormalizacao ¢ redican de caudal

O rzgulamenta (LIE) 20177745 sspecifica
qusis 05 requisitos essenciais de s=zuran-
(2 £ o= desempenho sem exigic solugdes
récnicas especficas [32] ko entanto, re-
comenda-se gue os fabricantss adotem a
norma da Comizséo Elemrotscnica Interna-
cianzl (IEC) IEC &0801-2-24:2012 Medica!
glactrical equisment — Bart 2-24; Porticular
redquirenents for the bosic safety ond eszentis!
performencs of nfusion sumos and control-
lers [29]. Esta normz 2513 em reviséo, pois a
recnclogia ¢ & andise de dades foram me-
Iharadas, mas ainda nao estac refletidas n
documento.

Existem outras normzs relevanies gue dis-
poribilizam informacdss sobre & realizaggo
de testes de dispositves de administracgo
de medicamentas, Como exemplo, ref-
ers-38 a nomez 150 FE8A-2: 2020 - Ster-
ile fypodermic synnges for single wse - Part
2 5viinges for use with paveer-arven seringe
pumps [33] £ a nerna AARITIR 101 - Flu-
i gelivery pedformance testing for infusion
pumps [34], Estes documentos foram publi-
cados recenternente & j& Tncluem o8 novos
deservoldimentcs e informagies obficas
pelos projetos MeDD e Mel DI, Ambos os
projstoz gpoiaram o desenvolvimento das
normas acima mencionadas, bem como a
implementacac de procedimentos de ca-
libracac robustos, a ind cecac de equipa-
mentos & condicoes que cermitem garanti
& exatidao dos resultados de administracgo
de medicansntos e reduzir o8 rscos de
incicentss adverzos acs doentes. Mo en-
rante, foo identfoado pelo projsto MMelD
qus & normas indicadas sac especificas
para fzbricantes, sendo ainda necessdria
# elzboraécac de normaz para ensaio: de
equipamants “em uso' hesse zentido, fol
deservolido em 2024 o guia ELRAMET

cg 27 - Calibration of Drug Delivery Devices
[5], gue contém informagdes sobre os pro-
cedimentos de calibragao de varios instru-
mentos de administraczo de medicamentos
em uzo clinico, o que permitird uma harmo-
nizagzo de resultados entre os varios LMK
& lzboratérios acreditados nesse dmbito,

Condusio

Este artipo destzca 3 importancia da ma-
nutencao e da calibracdo regular de bom-
bas de perfusde médicas para reduzir os
riscos de seguranca, identificar problemas
de desempenho € garantir a administragao
de dose corretz aos doentes. O método
gravimetrics & o mais comummente utili-
zado para avaliar o desempenho de varias
bombas de perfusan. Mo entanto, os novos
métodos oticos desenvolvidos no ambito
do projeto European Metrology Programme
for Innovotion and Research MeDD 1 permi-
tem efetuar @ medicéo de caudais inferiores
a 100 nL/min, utlizados por exemplo em
barmbas de insuling.

A andlise de desempenho de uma bomba
de perfusio deve ser realizada 2 reportada
de acordo com az referéncias apropriadas
parz evitar avaliacoes incorretas, sendo que
a terminalogia metrolégica utilizada deverd
z&r harmonizada,

As melhores praticas em tecnologia de per-
fusao t&m sido estabelecidas por trabalhos
de irvestigacdo e deservolvimento recen-
tes com o objetvae de melhorar a fabilica-
de na administracao de medicamentos aos
doentes, minimizar 2 incidénciz de erros de
perfusdo em tratamentos criticos nas LICI
g sensibilizar 2 comunidade de profissionais
de szlude sobre os potenciais riscos asso-
ciados s técnicas de perfusao.

A melhoria da exatid2o dos dispositivos
medicos desempenha um papel funda-
mental na reducao de erros de dosagem,
contribuindo diretamente para 2 seguranca
dos doentes e para salvar vidas, Atualmen-
te, ¢ conhecimento favel sobre 2 dose real
adminiztrada zos doentes & suportado por
infraestruturas metroldgicas modernizadas.
modelos de simulagao e conhecimento tée-
nico e cientifico avancados. fatores decisi-
YOS PEra a segurance e a ehcacia das tera-
pizz de perfusio. op
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METROLOGIA NOS DOMINIOS
DAS RADIACOES IONIZANTES,
ENERGIA, ACUSTICA, EMISSOES
GASOSAS E MATERIAS-
-PRIMAS CRITICAS: PERSPETIVA
NACIONAL E INTERNACIONAL

A ciéncia da medicao impacta em todas as
areas da sociedade moderna, e para além do
impacto na investigacdo cientifica e no setor
industrial e econémico, desempenha um pa-
pel vital para garantir a seguranca, a qualida-
de e 0 bem-estar da sociedade.

Enfrentamos atualmente um mundo em
grande mudanca, onde a Europa enfrenta
também uma multiplicidade de desafios e
onde sao evidentes as necessidades de novas
capacidades metrologicas. As areas onde a
Metrologia tera um papel crucial na proxima
década incluem as que permitem assegurar
sociedades resilientes, indlstrias soberanas e
competitivas, maior inovagao tecnolégica, for-
necimento de energia a baixo custo, protegao
do ambiente, descarbonizagao, a par da miti-
gacao e adaptacdo as alteragdes climaticas,
ambigao de poluicdo zero, economia circular,
transformacao digital, transformagao do sis-
tema de saude e resiliéncia das infraestrutu-
ras europeias, fatores estes que estabelecem
confianga através da garantia da qualidade.

24 INDUSTRIA E AMBIENTE 152 MAIO/JUNHO 2025

De modo a acompanhar todos estes desafios,
é imprescindivel a plena articulacdo e forte
cooperagao europeia e internacional da rede
alargada de intervenientes, quer no ambito da
investigacao e do desenvolvimento, da nor-
malizagao, dos fabricantes e dos reguladores.
Esta colaboragao, orientada pelas necessida-
des das areas emergentes, abre caminho para
desenvolvimentos inovadores e novos produ-
tos e dispositivos, aperfeicoando métodos e
processos de medigao.

A Metrologia disponibiliza a estrutura que
assegura o rigor e a comparabilidade das
medigdes e que possibilita a livre circulagao
dos produtos e a eliminagao de barreiras co-
merciais, atendendo aos mesmos critérios de
justica, transparéncia, seguranca e qualidade,
essenciais para o sucesso do mercado Gnico e
da competitividade global das indistrias eu-
ropeias.

Em particular, a Metrologia cientifica e aplica-
da enfrenta atualmente um processo de re-
novagao estrutural, impulsionado por fatores

Isabel Godinho

Diretora do Departamento de Metrologia
do Instituto Portugués da Qualidade

como a transicao energeética, a transforma-
cao digital, a sustentabilidade ambiental e a
emergéncia de novas tecnologias. Neste con-
texto, e considerando, em particular, os domi-
nios das radiagdes ionizantes, energia, acls-
tica, emissdes gasosas e matérias-primas
criticas, estes assumem um papel decisivo,
exigindo uma abordagem integrada que alia
a rastreabilidade metrolégica, a interoperabi-
lidade digital e a resposta aos desafios sociais
e econémicos emergentes.

RADIAGOES IONIZANTES

A medicao rigorosa no dominio das radiagdes
ionizantes é essencial em diversas areas e
aplicagbes, tais como na investigagao, aplica-
¢oes médicas (e.g. medicina nuclear, prote-
cao radioldgica, radioterapia, radiodiagnosti-
co), industriais (e.g. esterilizagao, controlo da
qualidade) e ambientais (e.g. monitorizagao
da radioatividade). O Comité Consultivo para
Radiagoes lonizantes (CCRI) do Bureau Inter-



national des Poids et Mesures (BIPM) tem
vindo a consolidar os referenciais globais da
rastreabilidade das medicdes aos padrdes do
Sistema Internacional de unidades (Sl), com
destaque para os padrOes primarios de dose
absorvida, a expansao dos campos de radiagao
clinicos e a melhoria das respetivas incertezas
associadas.

A nivel europeu, a participagao nacional em
atividades de investigacao e desenvolvimento
metrolégico, em particular no ambito da Eu-
ropean Metrology Programme for Innovation
and Research (EMPIR), no quadro do Horizonte
2020, da European Partnership on Metrology
(EPM), do Horizonte Europa, bem como a par-
ticipacdo nas European Metrology Networks
(EMN) da EURAMET (e.g. a European Metro-
logy Network for Radiation Protection) tém
permitido o desenvolvimento de novas tecno-
logias, de solugbes adequadas para aplicagoes
praticas, novos servigos de calibragao e capaci-
dades de medigao, bem como a elaboragao de
normas e de regulamentos técnicos.

Portugal, através do seu Instituto Designado
para as Radiagdes lonizantes, o Laboratério
de Metrologia das Radiagdes lonizantes (LMRI)
do Instituto Superior Técnico (IST), assegura,
em particular, a manutengdo e a rastreabili-
dade das grandezas dose absorvida na agua,
dose absorvida no tecido, equivalente de dose
ambiente, equivalente de dose direcional,
equivalente de dose individual e atividade por
unidade de superficie, de acordo com as suas
capacidades de medicao e de calibragao publi-
cadas na KCDB do BIPM.

Como investimentos estratégicos determi-
nantes neste ambito, incluem-se, nomeada-
mente, o desenvolvimento de padroes pri-
marios para o dominio dos radionuclideos, a
consolidacao da capacidade laboratorial em
dosimetria de elevada exatidao, para fins clini-
cos e ambientais, bem como o desenvolvimen-
to de sistemas automatizados de calibragao e
a integragao de algoritmos baseados em Inte-
ligéncia Artificial, designadamente para técni-
cas de analise espectral e para a estimativa de
incertezas de medigao.

No ambito da Metrologia legal, Portugal asse-
gura atualmente o controlo metroldgico dos
instrumentos de medicao de radiagdes ioni-
zantes e dos seus dispositivos complementa-
res, considerando, em particular, as categorias
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de instrumentos de medicdo de radiacao para
a radioterapia, medicina nuclear, radiologia e a
protecdo radiologica.

ENERGIA

As areas onde a Metrologia tera um papel
crucial na préxima década incluem as que
permitem assegurar sociedades mais resi-
lientes, o fornecimento de energia a baixo
custo, a protecdo do ambiente, a descarbo-
nizagdo, a par da mitigacdo e adaptagao as
alteragbes climaticas, ambicao de poluigao
zero e a economia circular. Sao diversos 0s
desafios na area da energia, e incluem, entre
outros, as alteragbes climaticas e as metas
de descarbonizagdo, a seguranca energética
global, as desigualdades no acesso a energia,
a dependéncia de combustiveis fosseis e a ur-
géncia para a aceleragao da transicao energé-
tica. Torna-se, assim, premente potenciar um
maior desenvolvimento tecnolégico e investi-
mento em areas-chave que permitam o cres-
cimento sustentavel da mobilidade elétrica e
o armazenamento de energia, 0 aumento de
redes inteligentes (smart grids) e a digitali-
zacao do setor energético, uma maior aposta
no hidrogénio verde como vetor energético
estratégico, e o fortalecimento da capacidade
de energias renovaveis (especialmente edlica
e fotovoltaica).

Neste ambito, o Instituto Portugués da Qua-
lidade (IPQ), enquanto Instituicao Nacional
de Metrologia, coordena atualmente a Rede
Europeia de Metrologia Clean Energy, area de
aposta da Unido Europeia, com objetivos am-

biciosos para a redugao das emissoes dos ga-
ses de efeito de estufa, de 55 % em 2030, face

aos valores de 1990, para se tornar climati-
camente neutra em 2050. Isto implica que
as energias renovaveis sejam cada vez mais
uma realidade, devendo a sua contribui¢ao
crescer de 23 % (em 2022), para pelo menos
43 % em 2030, 0 que é muitissimo ambicioso.
A rede Clean Energy tem especial enfoque na
energia fotovoltaica e na energia edlica, e as
atividades de 1&D no ambito da Metrologia
estdo associadas a geragao, armazenamento,
conversdo e utilizacao de fontes de energia
renovaveis, eficiéncia de utilizagdo e armaze-
namento temporario de energia em baterias
elétricas.

A nivel europeu, é também de salientar a ati-
vidade desenvolvida pela Rede Europeia de
Metrologia Smart Electricity Grids, que pre-
tende dar resposta aos principais desafios no
ambito da medicdo, enfrentados pelas redes
elétricas, considerando a necessidade de um
fornecimento de energia mais sustentavel e
abrangendo os seguintes temas: monitoriza-
cdo de rede e analise de dados, qualidade da
energia, subestagdes digitais, transformado-
res e sensores de instrumentos, ensaios de
alta tensao, eficiéncia e integragao de rede.

A nivel nacional e no ambito da metrologia
legal, a mobilidade elétrica acolhe também
importancia estratégica crescente no senti-
do de atingir as metas climaticas definidas,
nomeadamente para a redugao das emis-
sbes de gases com efeito de estufa e para a
neutralidade carbonica. Assim, no apoio ao
desenvolvimento da mobilidade elétrica tém
vindo a ser efetuados investimentos nas in-
fraestruturas de carregamento, permitindo a
instalacdo de equipamentos de carregamen-
to de veiculos elétricos acessiveis a todos 0s
consumidores, pelo que se torna importante
regulamentar as condigdes especificas a ob-
servar no exercicio do controlo metrolégico
legal de tais instrumentos de medigao desti-
nados a transagao comercial da energia elé-
trica associada ao carregamento de veiculos
elétricos e estabelecer os requisitos aplicaveis
aquele controlo, 0 que é assegurado atravées
do Regulamento do Controlo Metrologico Le-
gal dos Equipamentos de Carregamento de
Veiculos Elétricos. No ambito da preparagao
de uma infraestrutura técnica metrologica
de enquadramento legal para a implementa-
¢ao de estacodes de carregamento de veiculos
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elétricos, salienta-se a participacdo nacional
no projeto EURAMET LegalEVcharge - LegalE-
Vcharge: Practical legal metrology framework
for electric vehicle charging stations, recente-
mente concluido.

Também no que se refere ao uso do gas natu-
ral veicular e do hidrogénio, o Regulamento do
Controlo Metrolégico Legal dos Sistemas de
Medicao de Combustivel Gasoso Comprimido
para Veiculos assegura as condigdes especi-
ficas a observar no exercicio do controlo me-
trologico legal dos instrumentos de medigao
associados aos sistemas de medicao destina-
dos ao abastecimento de veiculos motoriza-
dos, pequenas embarcagdes e aeronaves com
gas natural comprimido, hidrogénio, biogas,
misturas de gases ou outros combustiveis
gasosos comprimidos.

No dominio da energia, em particular no do-
minio elétrico, o Comité Consultivo de Eletri-
cidade e Magnetismo (CCEM) do BIPM e o co-
mité técnico da Eletricidade e Magnetismo da
EURAMET (TG-EM) tém promovido o desen-
volvimento das medigdes elétricas e magnéti-
cas através da redefini¢ao e da materializagao
das unidades ampere, volt e ohm, através de
padrées baseados em constantes fundamen-
tais (capacidades também detidas pelo IPQ),
bem como o desenvolvimento de projetos
estratégicos para a medicdo de energia elé-
trica em redes inteligentes, a caracterizagao
metrolbgica de dispositivos de conversdo de
energia (e.g. inversores, carregadores de vei-
culos elétricos) e medigdes em sistemas de
transporte e armazenamento de energia (e.g.
baterias, hidrogénio).

Como desenvolvimento estratégico, é de re-
ferir como prioridade o desenvolvimento de
capacidades metrolégicas associadas a efi-
ciéncia energética, energias renovaveis, hidro-
génio verde, a modernizacdo das infraestru-
turas elétricas e as redes inteligentes.

ACUSTICA

No campo da metrologia acUstica, assume
especial relevancia o rigor e a rastreabilidade
metrolégica em medigdes de pressao sonora,
vibragdo e ultrassons, com especial enfoque
em aplicagdes biomédicas e ambientais (sai-
de ocupacional, controlo ambiental e aplica-
¢Oes industriais).
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0 Comité Consultivo de Acistica, Ultrassons e
Vibragdes (CCAUV) e o comité técnico da EU-
RAMET tém promovido a digitalizagdo da me-
trologia aclstica, considerando novas abor-
dagens para a calibragao de sensores MEMS,
microfones digitais e para a avaliagdo do de-
sempenho de proteses auditivas.

O IPQ, através do seu Laboratério de Ace-
leragcdo e Vibragbes, assegura a calibracao
absoluta de acelerometros padrdo, através
de interferometria laser com detecdo homo-
dina, assegurando a rastreabilidade nacional
neste dominio, considerando as capacidades
de medicao e calibragao registadas na base
de dados do BIPM. No dominio dos Ensaios
de Vibragao, efetua a realizagao de estudos e
determinagdes de caracteristicas de equipa-
mentos, com capacidade para a realizacao de
simulagdes de condigdes adversas de funcio-
namento ou transporte.

A rede estruturada de laboratérios acredita-
dos com competéncia técnica para a calibra-
cao de sonémetros, microfones, calibradores
aclsticos e analisadores, bem como para a
realizacdo de ensaios aclsticos em campo ou
em laboratério, permite a realizagdo de medi-
¢oes rastreadas nos dominios do ruido am-
biental, caracterizagao do isolamento acdsti-
co, verificagao da conformidade dos limites de
exposicao ao ruido, entre outros.

No ambito da metrologia legal, o Regulamen-
to do Controlo Metrolégico Legal dos Soné-
metros assegura que os instrumentos uti-
lizados para medir ou registar as grandezas
caracteristicas dos niveis de pressdo sonora
no dominio do audivel, cumprem os requisitos
metroldgicos e técnicos definidos na respeti-
va legislagao especifica.

Como area prioritaria de investimento, salien-
ta-se a necessidade de expansao das atuais
capacidades para a medicao de ultrassons na
area da biomedicina, a medicao no ambito das
vibragdes a nivel industrial e a caracterizacao
aclstica de ambientes urbanos.

EMISSOES GASOSAS

A medigao de emissdes gasosas constitui um
eixo estratégico na mitigacao das alteracdes
climaticas, no cumprimento dos regulamen-
tos da qualidade do ar e o cumprimento das
metas climaticas.

0 Comité Consultivo de Quantidade de Matéria
(CCQM) do BIPM e o comité técnico da Metrolo-
gia em Quimica da EURAMET tém coordenado

esforcos para o desenvolvimento de padrdes
de referéncia para gases de efeito de estu-
fa, compostos organicos volateis e poluen-
tes atmosféricos, para o desenvolvimento de
misturas gasosas de referéncia, métodos de
espectroscopia avangados (como CRDS - Ca-
vity Ring-Down Spectroscopy e FTIR — Fourier
Transform Infrared Spectroscopy), bem como
o desenvolvimento de micro sensores auto-
calibraveis. Em particular no dominio da me-
trologia cientifica, as atividades de I&D tém
como foco o desenvolvimento de métodos de
medicao no ambito do CO,, CH, e NO, em seto-
res industriais e em monitorizagao ambiental,
apoiando o Pacto Ecolégico Europeu e a legis-
lagdo comunitaria sobre ar limpo.

0O Laborat6rio de Gases de Referéncia e o La-
boratério de Analisadores de Gases do IPQ é
responsavel pela produgdo, manutencdo e
desenvolvimento dos padrdes primarios na-
cionais de misturas gasosas, bem como pelo
desenvolvimento e implementacado de novos
métodos e capacidades de medicao, e pela ca-
libragao de diversas tipologias de analisado-
res de gases ambientais e poluentes.

Neste dominio, os investimentos futuros de-
vem privilegiar a rastreabilidade de sensores
de baixo custo, o desenvolvimento de siste-
mas moveis de medigdo e a incorporacao de
modelos preditivos, suportados por machine
learning, para a quantificacdo de incertezas
de medicao em tempo real.

MATERIAS-PRIMAS CRITICAS

Por outro lado, a medicdo rigorosa de elemen-
tos criticos como o litio, cobalto, terras raras ou
platina é essencial para garantir a rastreabili-
dade e a sustentabilidade das cadeias de valor
de tecnologias emergentes, incluindo os de-
senvolvimentos tecnolégicos associados aos
semicondutores, as baterias, aos painéis so-
lares e para a producdo de turbinas e compo-
nentes no ambito da energia edlica. A Metrolo-



gia desempenha também um papel crucial na
caracterizacdo exata da composicao quimica e
das propriedades fisico-quimicas destas ma-
térias, garantindo a rastreabilidade e a compa-
rabilidade destas medigdes, bem como a quali-
dade dos respetivos dados analiticos.

A nivel nacional, existe competéncia técnica
relevante que permite assegurar 0 mapea-
mento geoldgico (face as reservas de litio
e minérios metalicos) e a caracterizacdo de
depésitos, garantindo as capacidades labo-
ratoriais de analise destas matérias-primas
criticas, em infraestruturas para a calibragao
analitica avangada, atividades estas que sao
integradas em projetos europeus multidisci-
plinares, com enfoque em materiais de refe-
réncia certificados e contaminagdo ambiental.
No entanto, torna-se ainda relevante consi-
derar um maior desenvolvimento de métodos
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e técnicas analiticas (tais como a espectro-
metria de massa ou a fluorescéncia de raios
X), nos dominios da quimica analitica, geo-
ciéncias, ambiente e sadde, quer na analise de
elementos e de materiais, quer para a produ-
cdo e a certificacdo de materiais de referéncia,
bem como reforgar a capacidade metrolégica
nacional nestes dominios e a sua integragao
em redes europeias de referéncia.

A criacao de bancos de materiais de referén-
cia nacionais, com certificagdo metrologica,
é um passo critico para reforcar a soberania
cientifica e industrial, iniciativas estas que
assumem crescente relevancia geopolitica
e ambiental nos nossos dias, a par de uma
maior recuperagao e valorizagao de matérias
criticas, contribuindo e estimulando a recicla-
gem, a circularidade de materiais e uma maior
sustentabilidade.

CONSIDERAC@ES FINAIS

Portugal dispde de capacidades relevan-
tes em diversas areas da metrologia, mas a
consolidacdo de uma infraestrutura de me-
trologia fundamental moderna exige inves-
timento estruturado, formacdo avangada e
cooperacdo internacional. As areas identifica-
das — radiagdes ionizantes, energia, acistica,
emissdes gasosas e matérias-primas criticas
— representam dominios de elevado impacto
socioecondmico e cientifico. A sua integracao
com tecnologias digitais e praticas susten-
taveis é imperativa para garantir a resposta
metrolégica aos desafios do futuro, reforgar
a sua autonomia estratégica, cumprir com as
exigéncias regulatérias e contribuir ativamen-
te para as agendas europeia e global da sus-
tentabilidade, transiao energética e seguran-
¢a tecnoldgica. T

0 ruido como ameaga silenciosa

Depois de 18 anos de adiamentos, Portugal da
finalmente um passo decisivo no combate a poluicao
sonora com a apresentacao da Estratégia Nacional
para o Ruido Ambiente 2025-2030.

Elaborada pela Agéncia Portuguesa do Ambiente
(APA) e recentemente sujeita a consulta publica,
esta estratégia chega com anos de atraso, mas com
ambicdes renovadas.

0 quadro legal e o papel do IEP

W3DVL40d34-nand

0 Regulamento Geral do Ruido (RGR) continua a ser o principal instrumen-
to normativo que enquadra a prevencao e controlo da poluigao sonora em
Portugal. Neste contexto, o papel do Estado e das autarquias é fundamental
para garantir a mitigagao efetiva dos impactos, através da monitorizagao
continua e da partilha de dados com a APA.

0 Laboratério de Actistica e Vibracdes do IEP surge como uma referén-

A poluicio sonora ndo ¢é apenas incdmoda — é uma ameaga séria a satide
publica. A exposicao cronica a niveis elevados de ruido esta associada a
distarbios do sono, doengas cardiovasculares, perda de audicdo e impacto
b negativo no desenvolvimento cognitivo das criangas.

-

Estratégia para o Ruido

[ Uma das novidades mais relevantes da estratégia é a centralizagdo e aces-  Cia técnica neste dominio. O laboratdrio presta servigos especializados
sibilidade pblica dos dados actisticos. Pretende-se que a informagao sobre  em avaliagao ambiental, controlo de ruido laboral e acustica de edificios.

Um exemplo concreto é o Mapa Estratégico de Ruido do Municipio de

de cores semelhantes aos rétulos nutricionais. Esta medida visa capacitaros ~ Matosinhos, desenvolvido pelo IEP, que serve de instrumento essencial

para a gestdo do ruido urbano e para a definigdo de politicas publicas ba-

cidadsos a compreenderem melhor os niveis de ruido a que estdo expos-  dO Fuido urt
seadas em evidéncia técnica.

tos no seu quotidiano, promovendo uma cidadania ambiental mais ativa e

l' ruido esteja disponivel de forma simples e intuitiva, com recurso a esquemas
: informada.

Perspetivas futuras

A Estratégia Nacional para o Ruido Ambiente 2025-2030 representa uma
oportunidade histérica para corrigir décadas de negligéncia no tratamento
do ruido enquanto problema ambiental. Contudo, o seu sucesso dependerd
da vontade politica, do compromisso dos municipios e da participagdo ativa
da sociedade civil. Com esta nova abordagem, Portugal da finalmente
- sinais de querer colocar o siléncio — ou, pelo menos, um ruido mais
saudavel — no centro das suas politicas de qualidade de vida.

) 0 papel dos municipios

[ A Estratégia Nacional para o Ruido Ambiente 2025-2030 aponta a respons-
| abilidade dos municipios na elaboracdo de Mapas de Ruido detalhados, que
incluam zonas sensiveis como escolas, hospitais e areas residenciais.
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Resumo

A Fisica Quéntica tem desempenhado um papel central na
evolugdo da Metrologia Cientifica, sustentando a definigdo mo-
derna do Sistema Internacional de Unidades em constantes
fundamentais da natureza. O presente artigo aborda as apli-
cagOes atuais e as perspetivas de desenvolvimento futuras
no dominio da Metrologia Quéntica, com énfase nos padrdes
quénticos e nas tecnologias emergentes, como a foténica, a
eletrénica, os relégios Opticos e os sensores de elevada exati-
dé&o, considerando as implicagdes societais destas inovagdes.
Releva o papel do IPQ, enquanto Instituigdo Nacional de Me-
trologia, e o seu contributo para assegurar mediges fiaveis,
rastredveis e comparaveis a nivel internacional, enquanto um
pilar de soberania, inovagéo e competitividade.

Palavras-chave: Fisica Quéantica, Metrologia, Sistema Interna-
cional de Unidades, Padrées Quénticos, Tecnologias Quanti-
cas, IPQ.

Introdugédo

A Metrologia, ciéncia da medigao e das suas aplicagdes, tem
acompanhado de forma intrinseca os avangos cientificos e
tecnolégicos. A revolugdo quantica, iniciada no inicio do sé-
culo XX, abriu novas perspetivas que culminaram, em 2018
[1], na redefinigdo do Sistema Internacional de Unidades (Sl),
constituindo um marco histérico na Metrologia, ancorando as
unidades em constantes fundamentais da natureza em vez de
artefactos materiais. Estas redefinigbes, que marcaram uma
mudanga de paradigma (formulagédo de “constante explicita”
em vez de “unidade explicita”), permitem separar a definigdo
da realizagdo das unidades, utilizando equagdes da fisica e
abrindo caminho para métodos de medigao inovadores com
exatidéo potencialmente ilimitada, estabelecendo um "SI quan-
tico”, representam um marco, consolidando padrdes univer-
sais e imutaveis, independentes de artefactos materiais.

WWW. GAZETADEFISICA.SP

Esta transformagdo é indissocidvel dos avangos da Fisica
Quéntica ao longo do século XX e inicio do século XXI|, que
permitiram traduzir conceitos tedricos em padrdes universais e
invariaveis. O ponto de partida pode ser identificado em 1900,
quando Max Planck introduziu a quantizagdo da energia ao
descrever a radiagdo do corpo negro. A constante que leva o
seu nome tornou-se, mais de um século depois, a base da de-
finigdo do kilograma através da balanga de Kibble [2]. Poucos
anos mais tarde, Albert Einstein consolidaria a fisica quéntica
emergente ao explicar o efeito fotoelétrico (1905), introduzindo
o conceito de fotdo, e ao formular a teoria da relatividade restri-
ta, cujas corregdes sdo hoje indispensaveis ao funcionamento
de relégios atémicos e sistemas de navegagéo.

O modelo atémico de Niels Bohr (1913), ao introduzir niveis
de energia discretos, abriu caminho para a utilizagéo de tran-
sigdes eletrénicas como padrées para a medigdo do tempo.
Este principio é a base da definigdo atual do segundo, susten-
tada pelas transigdes hiperfinas do &tomo de césio-133 e, mais
recentemente, pelos reldgios dpticos, por exemplo de estron-
cio, itérbio ou célcio. Paralelamente, os contributos de Werner
Heisenberg, com o principio da incerteza, e de Erwin Schrodin-
ger, com a sua equagdo de onda, permitiram o enquadramen-
to tedrico que ainda hoje sustenta a modelagdo dos sistemas
atémicos utilizados em Metrologia.

A contribuigéo de Paul Dirac foi igualmente determinante, com
a formulag&o da equagéo relativistica do eletrdo e a fundamen-
tagéo da quantizagéo da carga elétrica, que permitiram conso-
lidar a atual definigdo do ampere com base na carga elementar.
Na segunda metade do século XX, emergiram dois contribu-
tos experimentais de grande impacto: o Efeito Josephson (EJ),
descoberto por Brian Josephson, em 1962, que viabilizou a
utilizagdo de padrées quanticos de tensdo elétrica, e o Efeito
de Hall Quantico (EHQ), descoberto por Klaus von Klitzing, em
1980, que estabeleceu um padréo universal de resisténcia elé-
trica através da constante de von Klitzing. Estas descobertas,



reconhecidas com o Prémio Nobel da Fisica, possibilitaram a
materializagdo destas duas grandezas elétricas através de pa-
drdes rastreaveis e invariaveis, dependentes apenas da cons-
tante de Planck e da carga elementar.

Finalmente, o trabalho de Bryan Kibble foi decisivo para a re-
definicdo do kilograma. A sua invengéo da balanga de Kibble
(anteriormente designada por balanga de Watt) permitiu rela-
cionar diretamente a constante de Planck com a unidade de
massa, tendo esta realizagdo experimental permitido substituir
a dependéncia de um protétipo material de platina iridiada, o
protétipo internacional do kilograma, guardado no Bureau In-
ternacional dos Pesos e Medidas (BIPM), em Sévres.

A culminar este percurso, em 2019, o Sl passou a basear as
suas unidades de base (kilograma, metro, segundo, ampere,
kelvin, mole e candela) em constantes fundamentais da natu-
reza, tais como a constante de Planck (h), a velocidade de luz
no vazio (c), a carga elementar (e), a constante de Boltzmann
(k) e a constante de Avogadro (N,), tal como indicado na Tabela
seguinte, em vez de artefactos materiais, propriedades de ma-
teriais ou descrigdes de medigdes.

Assim, o legado de mais de um século de investigagdo quanti-
ca traduz-se hoje em medigdes universais, robustas e susten-
taveis, que constituem o pilar da ciéncia e da inovagao tecno-
l6gica contemporanea. Os desenvolvimentos da ciéncia e das
tecnologias, em particular no dominio da fisica quéntica, tém
permitido a realizagdo pratica destas unidades, conseguindo
alcangar niveis de exatiddo, limitada apenas pela estrutura
quéntica da natureza e pelas capacidades técnicas, e ndo pe-
las definigdes propriamente ditas.

O desenvolvimento de novos sistemas de medigdo, baseados
em padrdes quanticos e utilizando supercondutores, semi-
condutores, amostras de grafeno, entre outros sensores de
elevada exatiddo, exigem métodos validados e medigdes ras-
treaveis e comparaveis, pelo que a Metrologia Quéantica ndo
é apenas um suporte, mas também um motor de inovagédo
técnico-cientifica. Atualmente, o desenvolvimento da Metrolo-
gia Cientifica esta intimamente ligado as tecnologias quéanticas
emergentes, com implicagdes em setores estratégicos como

telecomunicagdes, defesa, salde, seguranga, energia, indus-
tria e comércio internacional.

Padrdes Quéanticos no Sistema Internacional de Unidades
Padrées de tempo e frequéncia

As escalas de tempo formam a base da sociedade moderna,
permitindo tecnologias como o GNSS (Global Navigation Sa-
tellite System), radiowave interferometer arrays, sincronizagéo
de redes em telecomunicagdes e sistemas de energia elétri-
ca. Atualmente, existem 3 métodos primérios para medigédo
do tempo: Tempo Universal (UT), baseado no movimento de
rotagdo da Terra; Tempo Efeméride (ET), baseado na érbita
da Terra & volta do Sol; e Tempo Atémico (AT), baseado nos
efeitos quanticos dos dtomos. O Tempo Atémico Internacional
(TAl) é uma escala de tempo uniforme, mantida pelo BIPM e
baseada na transigao atémica do &tomo de Cs, de acordo com
a definigdo do segundo do SI. A base de tempo civil, o Tem-
po Universal Coordenado (UTC), 6 uma escala atbmica com
a mesma taxa do TAl mas que se mantém em concordancia
com o UT em menos de 0,9 s. Desde a primeira observagéo da
transigéao hiperfina do atomo de Cs-133, na década de 50 do
século XX, que se especulou que os relégios atémicos podiam
superar todas as referéncias temporais existentes. A exatidao
da referéncia atémica levou em 1967 a redefinigdo do segundo
do SI, que se tornou a primeira unidade a ter como base da
sua definigdo um principio da natureza em vez de um artefacto
fisico. O desenvolvimento dos relégios de Cs atingiu o seu pico
com uma estabilidade na ordem dos 106, Atualmente, este é
o limite que se consegue obter utilizando a atual definigdo do
segundo e a comunidade cientifica considera pouco realista
conseguir melhorar este valor.

Nos Ultimos vinte anos, os avangos alcangados nos padroes
de frequéncia éptica revelaram niveis de estabilidade e exati-
déo que ultrapassam, em pelo menos duas ordens de gran-
deza (10'8), os dos atuais padrdes de tempo baseados em
micro-ondas. Esta evolugéo tecnolégica levou a comunidade
internacional de tempo e frequéncia a considerar a futura rede-
finigAo do segundo do S, tendo por base padrdes de frequén-
cia optica, que oferecem um desempenho significativamente
superior. Com esse objetivo, o BIPM elaborou um roadmap
para orientar o processo de redefinigdo do segundo. Esse pla-

Grandeza

Massa

Comprimento

Tempo

Corrente elétrica

Temperatura
termodinémica

Intensidade luminosa

Quantidade de matéria

Unidade Simbolo

segundo s

ampere

ketvin

candela

mole

Constante universal Valor numérico Unidade
constante de Planck h-6,62607015x10% %
velocidade da luz no vazio € -299 792458 o)
i e egminncsont o SRR L L

’ carga elementar e-1,602176634x10® €
constante de Boltzmann K- 1,380 649 % 10" K
eficécis luminose Kog, - 683 i
constante de Avogadro N,-6,02214076 x 102  mol™!

Tabela 1
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no estabelece critérios, indicadores e marcos de progresso
destinados a avaliar a maturidade tecnoldgica e cientifica dos
diferentes candidatos a padrdes épticos. O Comité Internatio-
nal de Pesos e Medidas (CIPM) pretende, na 28.2 Conferéncia
Geral de Pesos e Medidas (CGPM), a realizar em outubro de
2026, analisar propostas e identificar os melhores elementos
atomicos a utilizar na construgéo dos relégios épticos — tais
como o estrdéncio (Sr), o aluminio (Al) ou o itrio (Yb). A adogdo
oficial da nova definigdo do segundo SI esta prevista para a
29.%2 CGPM, em 2035, quando se espera que a comunidade
cientifica disponha de consenso técnico e comprovagéo expe-
rimental suficiente para garantir uma transigéo segura, estéavel
e universalmente rastredvel para os novos padrdes 6ticos de
tempo e frequéncia.

Padrées das grandezas elétricas

Na realizag&o prética das unidades de medida das grandezas
elétricas [3] através de métodos primarios, os efeitos quanticos
de Josephson e de Hall tém sido utilizados h4 décadas para a
realizag&o do volt e ohm, respetivamente.

O volt (V) é realizado utilizando o valor da constante Josephson,
K,=2e/h = 483 597,848 416 984 GHz V', Os sistemas experi-
mentais atuais (PJVS ~ Programmable Josephson Voltage Sys-
tem) que materializam este efeito utilizam arrays de milhares de
jungdes (de materiais supercondutores, e.g. NbSi) (Figura 1),
programadas para associar em série essas jungdes e gerarem
valores de tensdo entre 0 V e 10 V, com uma resolugédo de f/
K, sendo f a frequéncia das micro-ondas (de alguns gigahertz)
que irradiam essas jungdes, submetidas a temperaturas de al-
guns kelvins para assegurar a sua supercondutividade.

O ohm (Q) é realizado utilizando o valor da constante de von
Klitzing, R, = h/e? = 25 812,807 459 3045 Q. Os sistemas
experimentais que materializam este efeito submetem jungdes
de heteroestruturas de materias semicondutores (e.g. GaAs/
AlGaAs) (Figura 1), a temperaturas préximas de 1 kelvin e a
campos magnéticos elevados (dezenas de tesla) transversais
a diregao da corrente que percorre a amostra, possibilitando
assim a observagao de valores quantizados de resisténcia R =
R/n, onde n é um nimero inteiro.

Comparagdes entre estes sistemas demonstram a possibilida-
de de obter incertezas relativas na ordem de algumas partes
em 10° nos valores gerados.

Através da lei de Ohm, é possivel realizar a unidade de corrente
elétrica, o ampere (A), com base na relagio A = V/ Q, através
do EHQ e do EJ. Paralelamente, o ampere pode também ser
realizado de forma direta através de dispositivos que imple-
mentam o principio de single electron transport, com base na
relagao A = C/s, no valor da carga elementar () fixada na defi-
nigao do ampere e na realizagéo pratica da unidade de tempo
segundo. Estes dispositivos recorrem a nanoestruturas conce-
bidas para controlar a passagem individual de eletrdes entre
contactos metalicos, e ao efeito quantum tunneling para per-
mitir a passagem de cargas através de barreiras de potencial
em semicondutores. No entanto, esta realizagdo do ampere
apresenta ainda niveis de incerteza superiores aos obtidos in-
diretamente, através da Lei de Ohm e dos efeitos quanticos de
Josephson e Hall.

Tecnologias Quanticas em Desenvolvimento na Metrologia
Relégios quénticos

Os relogios atémicos de Ultima geragdo (Figura 2), baseados
em transi¢Ges opticas, atingem estabilidades temporais da or-
dem de 1078, o que representa um avango sem precedentes
na medigdo do tempo. Este nivel de desempenho tem impacto
direto em muiltiplos dominios tecnolégicos, nomeadamente nas
redes de comunicagao, sistemas de navegagéo e posiciona-
mento global e nas missdes de exploragéo espacial. Estes re-
I6gios utilizam transigdes atémicas em frequéncias superiores
as das frequéncias emitidas pelos 4tomos de césio, permitindo
subdividir o segundo com uma exatiddo superior em mais de
2 ordens de grandeza face aos reldgios de césio, atualmente
em uso como referéncia do Sl. Embora os relégios comerciais
utilizados nos satélites do sistema GNSS j4 incorporem os efei-
tos da relatividade, a exatidao e a estabilidade de um reldgio
optico permite detetar variagdes de altitude da ordem de 1 cm,
demonstrando o seu potencial em geodesia relativistica. Entre
as suas aplicagdes mais promissoras destacam-se:

b)

Figura 1: a) Amostra de Hall, com ligagGes ao longo da heteroestrutura semicondutora (©IPQ). b) Array de tensio Josephson com milhares de juncées
supercondutor-isolador-supercondutor (©Supracon)
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- a medi¢&o do potencial gravitico da Terra, contribuindo para
um mapeamento geodésico de precisdo sem precedentes;
- a criagdo de redes de reldgios éticos interligados por fibras
opticas, capazes de detetar variagdes sismicas e antecipar
terramotos;

- & a monitorizagédo de variagdes em constantes fundamen-
tais da natureza, o que podera fornecer indicios de uma nova
fisica, ajudando a compreender a matéria escura e a energia
escura (projeto europeu QSNET).

Figura 2: Relégio dptico de Sr, JILA.
(©The Ye group and Brad Baxley, JILA)

Padrées quénticos de resisténcia elétrica

Atualmente estéo a ser estudados sistemas experimentais ba-
seados no “efeito quantico de Hall anémalo”, como alternativa
ao efeito de Hall classico, com a vantagem destes sistemas
funcionarem sem a necessidade de campo magnético [4]. Es-
tes sistemas baseiam-se em materiais isoladores topoldgicos
(e.g. Bi,Se, e Bi,Te,) dopados com 4tomos magnéticos os
quais permitem que surjam efeitos quanticos exéticos.

Outros sensores quanticos como o caso de memristores que
podem gerar valores discretos multiplos da condutancia fun-
damental, & temperatura ambiente, e com a possibilidade de
serem incorporados em circuitos integrados, estdo a ser estu-
dados com vista a sua utilizagdo como padrdes intrinsecos de
resisténcia elétrica. A integragédo destes padroes na eletrénica
dos instrumentos de medigdo, constituindo a sua referéncia
metrolégica, permitird suportar processos de auto calibragao
e auto ajuste, com rastreabilidade direta ao SlI, materializando
o conceito de “NMI on chip” (National Metrology Institute on a
chip) e eliminando a necessidade de longas cadeias de cali-
bragdo, permitindo implementar “servigos metrolégicos direta-
mente em microchips” [5].

Optica quéantica

A Optica quantica constitui atualmente um dos dominios mais
ativos e inovadores da fisica fundamental e da fisica aplicada [6].
O estudo dos estados quanticos da luz, incluindo a sua repre-
sentagéo, caracterizagdo, coeréncia quantica e nao separabili-
dade (emaranhamento) é uma das areas de investigagdo mais
desenvolvidas, conduzindo naturalmente & criagdo de fontes
monofotdnicas, um dos instrumentos essenciais da Optica
quantica moderna. Outro campo de grande relevancia é o da
comunicagao quantica, que explora sistemas éticos e métodos
avangados para teletransporte quantico, memdrias quanticas

e criptografia quantica, nomeadamente através da distribuigédo
quantica de chaves (QKD — Quantum Key Distribution). Estes
avangos possibilitam sistemas de comunicagao intrinsecamen-
te seguros, baseados em principios fundamentais da mecanica
quantica.

A produgdo quéntica de imagens constitui igualmente uma
area emergente, com aplicagdes potenciais em metrologia de
precisdo, biotecnologia e detegdo remota, entre outras. Para-
lelamente, tem-se verificado um crescimento significativo no
desenvolvimento de técnicas e dispositivos para metrologia
6tica quantica e sensores baseados em coeréncia ética quan-
tica, com impacto direto na medigéo de grandezas fisicas com
incertezas extremamente reduzidas.

Na radiometria quéntica, lidando-se com fluxos foténicos ex-
tremamente baixos — da ordem de 10° fotdes por segundo
— recorrem-se a técnicas de contagem de fotdes e a fontes
monofotdnicas [7].

Estas fontes sdo essenciais para a calibragdo de detetores
monofotdnicos, atualmente ja tecnologicamente maduros e
disponiveis comercialmente, como o diodo de avalanche mo-
nofoténico (SPAD), o sensor de bordo de transigdo (TES) e o
detetor monofoténico de nanofio supercondutor (SNSPD), am-
plamente utilizados nas aplicagdes referidas anteriormente.

A foténica quantica desempenha assim um papel central no
desenvolvimento de padrdes 6pticos de frequéncia e de sis-
temas de comunicagédo inviolaveis, sustentando o avango da
Metrologia Quéantica e da infraestrutura cientifica europeia. As
fontes monofotdnicas séo, por isso, objeto de varios projetos
de investigagdo colaborativos que envolvem Institutos Nacio-
nais de Metrologia, centros de investigagdo e universidades
europeias [8].

Na mise en pratique para a realizag&o da candela [3], é ja expli-
citamente referida a possibilidade de utilizag&o de fontes mo-
nofotdnicas, o que permitira, no futuro, exprimir as grandezas
fotométricas e radiométricas em fungdo do nimero de fotdes,
reforgando a rastreabilidade quantica das medic¢des de luz.

ImplicagGes Societais
Os desenvolvimentos em Metrologia Quéantica tém efeitos dire-
tos em éreas criticas da sociedade, tais como:
- economia digital: comunicagdes seguras baseadas em
criptografia quantica.
- saude: técnicas de diagnéstico por imagem e sensores bio-
médicos de alta resolugéo.
- energia e ambiente: monitorizagédo precisa de gases, cam-
pos e fluxos energéticos.
- industria: padrdes rastredveis que suportam qualidade, ino-
vagao e comércio internacional.
A confianga nas medigdes e a rastreabilidade universal sao ele-
mentos centrais para a seguranga e para a tomada de decisdo
baseada em dados. Enquanto Instituicdo Nacional de Metrolo-
gia, o IPQ desempenha um papel essencial na implementagio
e no desenvolvimento dos padrdes nacionais das unidades de
medida, assegurando o rigor e a exatiddo das medigdes reali-
zadas, bem como a sua comparabilidade e rastreabilidade ao
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Sl, concretizando o objetivo constitucional de soberania no do-
minio dos padrées de medigao e do controlo dos instrumentos
de medicao necessarios & industria e & sociedade portuguesa
em geral.

No ambito da Metrologia Quantica, o IPQ além de integrar a
European Metrology Network for Quantum Technologies (EMN-
-Q) da EURAMET, participou no projeto de I1&D “Memristive De-
vices as Quantum Standard for Nanometrology” para a imple-
mentag&o e desenvolvimento de dispositivos em chip (CMOS),
integrados em instrumentagéo de laboratdrio, possibilitando a
implementagao de processos de auto ajuste e de auto calibra-
¢80 de instrumentos de medig&o ou de geragéo de grandezas
elétricas. Esta nova aproximag&o para a realizagdo da unidade
elétrica de resisténcia, Q, a temperatura ambiente e sem ne-
cessidade de um campo magnético, como acontece com O
sistema priméario de EHQ, embora com menor exatidao das
medigdes, tem a grande vantagem de ter uma aplicagéo muito
simplificada, com grande impacto industrial, dada a rastreabi-
lidade imediata ao Sl.

ntum Optic s, and Applications”.
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Conclusao

A Fisica Quantica redefiniu a Metrologia e abriu caminho para
padrdes baseados em constantes fundamentais da natureza.
O estado atual da Metrologia Cientifica demonstra avangos
notaveis, nomeadamente no desenvolvimento de rel6gios 6p-
ticos, que irdo contribuir para a redefinigao do segundo, de
sensores e sistemas de foténica e eletrénica, com perspetivas
de impacto transformador em mdiltiplos setores da socieda-
de, desde a seguranga de dados e a navegacgao até a saude,
industria e sustentabilidade ambiental, mas sé poderdo fazé-
-lo com base em medigdes fiaveis, rastredveis e comparaveis
a nivel internacional. A colaboragéo ativa entre Institutos Na-
cionais de Metrologia (como o IPQ), a academia e a indUstria
sd0 essenciais para continuar a impulsionar a investigagéo, a
normalizagéo e a transferéncia de conhecimento, assegurando
a lideranga europeia neste dominio. A nivel nacional, o IPQ de-
sempenha um papel catalisador, promovendo e participando
no ecossistemna europeu da Metrologia Quantica, nomeada-
mente em redes europeias e em projetos de 1&D, incentivando
e acelerando o desenvolvimento e a adogédo das tecnologias
quanticas através de medigdes comparéveis e rastreadas. O
futuro da Metrologia Quantica dependera da capacidade de
consolidar infraestruturas globais de confianga, capazes de
responder aos desafios cientificos, tecnolégicos e societais.
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The revision of the International System of Units opens new perspectives for the mise en pratique of Si
units, fixing numerical values of fundamental constants of nature. Here, we show the realization of an
intrinsic standard of resistance based on memristive devices working in air, at room temperature, directly
accessible to the end user1. By fixing numerical values for fundamental constants of nature, the revision of
the International System of Units provides new avenues for the use of S| units. Here, we demonstrate the
implementation of an intrinsic standard of resistance based on memristive devices that are immediately
available to the end user and operate in air at ambient temperature. We report on a programming method
based on the electrochemical polishing effects for operating nanoionic cells in the quantum conductance
domain. This allows to control quantum conductance levels multiple of the fundamental unit of conduc-
tance and implement it as intrinsic standard values. It is confirmed that the results are metrologically con-
sistent with the consensus values, departing from the G and 2G values by -3.8% and 0.6%, respectively?.
In order to achieve self-calibrating systems with zero-chain traceability, the results open the door for the
on-chip deployment of National Metrological Institute services.
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