


 

 

ÍNDICE 

CONSELHO DIRETIVO |  MARIA JOÃO GRAÇA 

CONSELHO EDITORIAL  |  MARIA JOÃO GRAÇA (COORDENAÇÃO),  ANA PINTO, ETELVINA NABAIS, INÊS JUDAS, ISABEL 

GODINHO,  SUSANA SANTOS, CATARINA LOPES 

EDIÇÃO GRÁFICA  |  UNIDADE DE PLANEAMENTO, COMUNICAÇÃO E QUALIDADE 

 

ISSN 1646-1916 

 

Publicação online, que desde 2005, tem vindo a divulgar e partilhar com uma comunidade, cada 

vez mais alargada de subscritores e leitores, as iniciativas e os acontecimentos mais relevantes  

que têm ocorrido nos domínios da Metrologia, da Normalização e da Qualificação, cumprindo os 

objetivos que estão na sua génese.  

Trata-se de um espaço informativo institucional que complementa a missão do Instituto Português  

da Qualidade de promover e divulgar os temas da qualidade, enquanto organismo nacional 

responsável pela coordenação da infraestrutura que constitui o enquadramento legal da 

Qualidade em Portugal: o Sistema Português da Qualidade (SPQ). 

EDITORIAL   03  
 

REVISTAS E CONGRESSOS INTERNACIONAIS   04 

 

REVISTAS NACIONAIS   189  
 

POSTERS 212  
 

 

 



 

 

EDITORIAL 
É com grande satisfação que apresentamos a primeira 

edição especial da Espaço Q de 2026, dedicada a 

destacar algumas das publicações técnico-científicas 

mais relevantes desenvolvidas pelo Instituto Português 

da Qualidade ao longo de 2025. 

Enquanto Instituição Nacional de Metrologia, o Instituto 

Português da Qualidade (IPQ) desempenha um papel 

central no avanço da ciência da medição e das suas 

aplicações. Esta edição reflete a diversidade, 

abrangência e profundidade das atividades 

desenvolvidas, evidenciando contributos em múltiplos 

domínios científicos e tecnológicos, desde áreas 

clássicas da metrologia até campos emergentes de 

elevada complexidade. 

Nesta edição da Espaço Q, os trabalhos apresentados 

encontram-se organizados em publicações em revistas 

científicas internacionais com revisão por pares, bem 

como em comunicações e posters apresentados em 

conferências internacionais. Nos casos em que as 

publicações não estejam disponíveis em acesso 

aberto, é disponibilizado o respetivo resumo (abstract).  

Esta edição contempla um conjunto alargado de áreas 

de atuação, nomeadamente a metrologia aplicada aos 

cuidados de saúde, incluindo instrumentação e 

terapias de perfusão; as medições no domínio elétrico 

e o desenvolvimento de componentes de elevada 

precisão; a metrologia química e ambiental, com 

enfoque na preparação e estabilidade de materiais de 

referência, bem como em medições relevantes para a 

monitorização ambiental e a descarbonização; e ainda 

a metrologia aplicada a sistemas microfluídicos, 

abrangendo a caracterização de propriedades físicas, 

o controlo de escoamentos e o desenvolvimento de 

técnicas avançadas de calibração a micro e 

nanoescala. 

Destacam-se igualmente contributos na área da 

metrologia de fluxo e de pressão, na avaliação de 

desempenho de instrumentos em contextos regulados, 

como os sistemas de medição de combustíveis e a 

proteção radiológica, bem como estudos no domínio 

da química analítica, incluindo medições de pH em 

diferentes matrizes e a deteção de microplásticos 

recorrendo a técnicas espectroscópicas avançadas. 

Esta edição evidencia também avanços na metrologia 

quântica e no desenvolvimento de padrões do Sistema 

Internacional de Unidades, sublinhando o papel 

crescente das tecnologias quânticas na definição e 

realização das unidades de medida. Paralelamente, 

são abordados aspetos fundamentais como a 

rastreabilidade das medições e a importância das 

comparações interlaboratoriais, pilares essenciais para 

assegurar a fiabilidade, comparabilidade e 

reconhecimento internacional dos resultados. 

Os trabalhos apresentados resultam, em grande 

medida, de colaborações com outros Institutos 

Nacionais de Metrologia e com instituições científicas 

e académicas de referência, tanto a nível nacional 

como internacional, reforçando o papel do IPQ em 

redes globais de conhecimento e inovação. 

Esperamos que esta edição especial da Espaço Q seja 

simultaneamente informativa e inspiradora, refletindo o 

compromisso contínuo do IPQ com a excelência 

científica, a inovação e o desenvolvimento sustentável 

da Metrologia. 

Boa leitura! 

O Conselho Diretivo 

Maria João Graça 

Caros/as leitores/as 
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Advancing calibration techniques
for accurate micro and nanoflow
measurements

E. Batista1*, Rui F. Martins2, Vania Silverio3,4 and Isabel Godinho1

1Metrology Department, Instituto Português da Qualidade, Caparica, Portugal, 2NOVA School of Science
and Technology, Caparica, Portugal, 3INESC MN Microsistemas e Nanotecnologias, Lisboa, Portugal,
4Department of Physics, Instituto Superior Tecnico, Universidade de Lisboa, Lisboa, Portugal

The lack of established protocols and standards for calibrating flow measuring
instruments operating in themicroflow 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 μL/h to 2000 mL/h was used and improved for
low flow rates down to 10 μL/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 μL/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 nL/min (0.1 μL/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 guide 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.

KEYWORDS

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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effective treatment outcomes. Furthermore, the absence of
established protocols and standards for calibrating these
instruments at such low flow ranges exacerbates the issue.
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. In this work, various calibration methods were
employed to measure flow, including gravimetry and newly
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 gravimetricmethod, currently used at the IPQ-LVC laboratory,
was improved and the lower limit 120 μL/h was extended to 10 μL/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 dropmethod uses high-resolution
cameras to determine the growth of a drop over time. In the front track
method, the cameras follow themeniscus 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

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 IPQ, 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.

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).
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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 trackingmethod involvesmonitoring 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 1800U-1240 camerawith a 12MP 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.

TABLE 1 Uncertainty components of the gravimetric method.

Uncertainty components Standard uncertainty Evaluation process Distribution

Temperature of the water u(T) Calibration certificate Normal

Density of water u (ρW) Literature Rectangular

Density of air u (ρA) Literature Rectangular

Density of mass pieces u (ρB) Calibration certificate Normal

Initial time u (ti) Estimation (1 μs) Rectangular

Final time u (tf) Estimation (1 μs) Rectangular

Initial mass u (I.E.,) Calibration certificate Normal

Final mass u (IL) Calibration certificate Normal

Expansion coefficient u(γ) Literature Rectangular

Evaporation u (δQevap) Standard deviation of the measurements Normal

Buoyancy u (δQmbuoy) Calibration certificate (depends on the radius determination) Normal

Repeatability u (δQrep) Standard deviation of the measurements Normal

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
components

Standard
uncertainty

Evaluation
process

Distribution

Distance u(d) Calibration
certificate

Normal

Inner diameter u(r) Calibration
certificate

Normal

Time u(t) Calibration
certificate

Normal

Temperature u(TW) Calibration
certificate

Normal

Expansion
coefficient

u(γ) Literature Rectangular

Stability u (δQsta) Standard
deviation of
stability

measurements

Normal

Repeatability u (δQrep) Standard
deviation of the
mean of the flow
measurements

Normal

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 (G) is the LED light.
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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 μL/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 (t),
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

processes the data. The image analysis program developed in
Python consists of four steps: scale definition, image
segmentation, contour determination and volume calculation.
It can be used to calibrate syringe pumps from 100 μL/h to
1,000 μL/h.

TABLE 3 Uncertainty components of the front track method.

Uncertainty
components

Standard
uncertainty

Evaluation
process

Distribution

Meniscus
displacement

u(Δ) Experimental and
calibration
certificate

Normal

Capillary radius u(r) Experimental and
calibration
certificate

Normal

Time u(t) Calibration
certificate

Normal

Temperature u(TW) Calibration
certificate

Normal

Expansion
coefficient

u(γ) Literature Rectangular

Stability u (δQsta) Standard
deviation of
stability

measurements

Normal

Repeatability u (δQrep) Standard
deviation of the
mean of the flow
measurements

Normal

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.

TABLE 4 Uncertainty components of the pending drop method.

Uncertainty
components

Standard
uncertainty

Uncertainty
evaluation
process

Uncertainty
distribution

Radius u(r) Experimental and
calibration
certificate

Normal

Time u(t) Calibration
certificate

Normal

Evaporation u (δQevap) Experimental tests Normal

Repeatability u (δQrep) Standard deviation
of the mean of the

flow
measurements

Normal

FIGURE 5
Gravimetric experimental setup for the syringe volume
determination.

FIGURE 6
Comparison of Nexus pump calibration results with a
1 mL syringe.

Frontiers in Nanotechnology frontiersin.org04

Batista et al. 10.3389/fnano.2025.1600426

https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2025.1600426


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 μL/h to 1,000 μL/h
with an average standard uncertainty of 5%. More information on
this method can be found in (Alvares, 2020; Batista et al., 2020).

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.

Metrological error: AMetro �
Qset − Qref( )

Qref
100 %( ) (1)

TABLE 5 Calibration results of nexus pump calibration.

Nominal flow (mL/h) Interferometric Front track Gravimetric Pending drop

Error (%) U (%) Error (%) U (%) Error (%) U (%) Error (%) U (%)

1 −7.6 3.2 0.9 6.9 −8.0 23.0 −20.4 87.1

10 −1.7 2.1 0.3 3.0 −2.0 3.7 −1.0 30.4

100 −1.8 2.8 0.4 2.1 −0.7 2.4 −1.0 9.8

500 −0.7 2.5 0.0 1.4 −0.6 1.2 −3.7 4.4

1,000 −1.1 1.9 0.3 1.5 −0.6 1.0 −4.9 3.2

FIGURE 7
Cetoni pump calibration setup using the interferometricmethod,
where (A) is the Cetoni syringe pump; (B) is the Retroreflector cube;
(C) is the 100 μL glass syringe; (D) is the other Retroreflector cube; (E)
is the Laser unit.

TABLE 6 Calibration results of a thermal sensirion flow meter.

Nominal
Flow rate (nL/min)

Nominal flow rate (mL/h) Interferometric method Front track method

Error (%) Uncertainty (%) Error (%) 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 4.4

50 3 5.2 3.0 5.1 5.1

20 1.2 4.6 5.1 0.4 9.9
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where:
AMetro is the relative flow measurement error or systematic error

as defined by VIM (BIPM et al., 2012), Qref is the reference flow rate
determined by the reference measurement method (e.g., gravimetric
method), Qset 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 μL/h, 500 μL/h, 100 μL/h, 10 μL/h, 1 μL/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 100mL/h with an expanded uncertainty from 5% to 10%.

In the gravimetric method, it was possible to measure down to
10 μL/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.

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

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

Tests were also performed with a Cetoni pump (Figure 7) at
0.1 mL/h using a 100 μL 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 μL/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.

FIGURE 8
Sensirion flow meter.

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

FIGURE 9
Calibration of a thermal sensirion flow meter.
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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

to administrate drug to patients (Figure 10), was calibrated with
water at flow rates 5,000 μL/h, 1,000 μL/h, 500 μL/h, 100 μL/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

FIGURE 11
Calibration of BBraun pump with a 10 mL syringe.

FIGURE 12
Microfluidic Lab-On-a-Chip device for passive mixing and magnetic separation of bioanalytes.

FIGURE 13
Comparison methods for microchips calibration.
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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 μL/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.

4 Methods validation

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

FIGURE 14
Intercomparison results for a cetoni pump calibration.

FIGURE 15
Comparison of methods used in micro and nano flow measurements.
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The developed interferometric method demonstrated
exceptional performance, enabling flow measurements as low
as 0.1 μL/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 μL/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 μL/h, compared to the previous
limit of 100 μL/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 μL/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 μL/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.

In this work, the gravimetric method was improved for
microflow measurements but there is still room for
improvement. Three new methods 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 despite advancements in flow
measurement techniques, challenges remain, particularly in
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, IADC

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 
NP0 capacitors and metal foil resistors [5], where non-linear temperature behaviour is common.



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 C0G (NP0) 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.

Figure 1.  Capacitance Test fixture.

Figure 2. Test setup for the measurement of the 
temperature and humidity sensitivities of capacitors.



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 ( ).

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.

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.



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 
l

polarity-dependent offsets.

Figure 8. Resistor networks test setup.

A validation test using two matched 10 -controlled bath 
produced 337 data points. The resulting relative standard deviation of the individual measurements was 

with (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.

Climatic Chamber
Thunder Scientific 2500

Multimeter
Fluke 8508A

Low Thermal Scanner 
Data Proof 6664B

Resistor inside the 
climatic chamber



Three resistor networks with the same nominal ratio 1:1 were characterized:
R1 Hermetic 3-pin (through-hole)
R2 Plastic 8-pin (surface-mount)
R3 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 R1 and R2. A slight hysteresis between 
ascending and descending cycles was observed, attributed to thermal lag or material relaxation. Mean 

r

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

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

R1: Slight positive TC (~ +0.09 -1)
R2: More pronounced positive TC (~ +0.14 -1)
R3: Negative TC of -1

These trends indicate that while all resistors show predictable, smooth drift, the -in-
isolated resistor network, R2, exhibits more thermal sensitivity compared to the 3-pin voltage divider 
type, R1 and R3. 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
the thermal tests, ~40 readings were averaged per level.



Results shown in figure 10 reveal that R1 is largely immune to humidity effects, with a very small 
%rh, one order of magnitude below the noise of the measurements. This fact 

highlights the protective advantage of hermetic packaging. In contrast, R2 displayed (and R3 not shown) 
/ %rh and / %rh, respectively), consistent with moisture 

absorption and dielectric changes in plastic-encapsulated packages.

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.

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. 



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-
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 
8588A multimeter. 



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 %.

A model using five parallel RC branches (see figure 11) was used to fit the data [8, 9]

(1)

Fitted component values are listed in Table 4.

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

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.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 1000mm [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].

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].* Corresponding author: tsda@dti.dk
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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 systemwith 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 roughnessmaybe looselydescribedas 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
pressuredifferenceneeded todrive aflowinamicrochannel 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
thepressure difference needed todrive a givenflowthrougha
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 1was used forwettabilitymeasurements, and
ithadaflat surface of thematerialD263®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 roughness measurements, and these were glass
slides of D263

®

bio with width 25mm and length 52.6mm
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 u of a liquid drop resting on a
solid surface, and the total surface free energy of a solid
surface ss. 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 sl 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 u 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.

Table 1. Samples of glass slides investigated in this study.

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

Sample 1 D263® bio 25� 75 Flat surface for liquid drops
Sample 2 D263® bio 25� 52.6 Two open channels
Sample 3 D263® bio 25� 52.6 Two open channels
Sample 4 D263® bio 25� 52.6 Two open channels
Sample 5 D263® bio 9.5� 52.6 Bonding area only
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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 100mm deep and 9.5mm 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.

θσs

σl

Three-
phase
point

Liquid

Atmosphere

Solid

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 u, the surface tension of the liquid is sl, and the surface free
energy of the solid surface ss. Source: Redrawn from ISO 19403-1 [13].
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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 fromKRÜSS [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

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.
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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 OWRKmodel 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 OWRKmodel 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 ss, as the sum of the polar
surface free energy of the solid surface ss

p and the disperse
surface free energy of the solid surface ss

d [13,45,46].
Likewise, it describes the total surface tension of the liquid
sl as the sum of the polar surface tension of the liquid sl

p

and the disperse surface tension of the liquid sl
d [13,45,46]:

ss ¼ sp
s þ sd

s

sl ¼ sp
l þ sd

l : ð1Þ
Finally, the OWRK model formulates the equilibrium

with the following linear equation [13,36]:

y ¼ m⋅xþ b ð2Þ
where [13,36]:

y ¼ 1þ cos uð Þ⋅sl

2
ffiffiffiffiffi
sd
l

q

m ¼
ffiffiffiffiffi
s
p
s

p

x ¼
ffiffiffiffiffi
s
p
l

sd
l

s

b ¼
ffiffiffiffiffi
sd
s

q
: ð3Þ

In summary, application of the OWRK model enabled
determination of the total surface free energy of the solid
surface ss as follows. Two or more liquids with known
values of total surface tension sl, disperse surface tension
sl

d and polar surface tension sl
p, were placed on the solid

surface and contact angles u 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 x and y, as stated in equation (3), and a
linear equation of the form in equation (2) was fitted to x
and y. From the fit parameters m and b, the polar surface
free energy of the solid surface was derived as ss

p=m2, and
the disperse surface free energy of the solid surface was

derived as ss
d= b2. 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 Sa is defined as the
arithmetic mean of the absolute value of the height z(x,y)
over the investigated surface A [21], see equation (4).

Sa ¼ 1

A
∬

A
jz x; yð Þjdxdy: ð4Þ

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

Ra ¼ 1

le

Zle
0

jz xð Þjdx: ð5Þ

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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This study employed a Veeco Dimension 3100 atomic
forcemicroscope [52] and aBrukerAFMprobeOTESPAR3
[53], and thesemeasurementsweremade atLNE inTrappes,
France. The typical tip radius of OTESPA R3 is 7 nm. 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
andbeforeacalibrationchecktoensure thetraceabilityof the
height measurement. This calibration was realised with a
P900H60 standard (nominal pitch 900nm, 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
5mmby 5mm, 1024 pixels by 1024 pixels (pixel size 4.9 nm),
and scan speed 4mm/s (scan rate 0.5Hz).

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 Sa 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 profilometrymeasures the topography of a surface by
physically probing the surfacewith a stylus tipmounted ona
probe arm [58–60].The stylus profilometer operateswith the
application of a small force, which makes the stylus tip
physically touchthesurface [60].Thestylus is 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].Thestylus scans thesurfaceofa samplebymovement

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 ð°Þ –0.13
Standard deviation of errors sE (°) 0.40

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.
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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 employedaMahr referencemeasuring station
MarSurfGD140,whichscans surfaceswithconstantvelocity
and constant force between surface and stylus tip [61] to give
quantitative information onheightswith respect to position.
These measurements were made at IPQ in Caparica,
Portugal. Figure 4 shows the MarSurf probe arm with the
stylus scanningover the channel surface of one of the samples
at the IPQ laboratory. To comply with theMarSurf GD 140
instrument’s specifications, theparameterswere set toprobe
arm length 45mm, measuring force 0.030N, spherical tip
radius 2mm,verticalmeasuringrange�250mmto+250mm,
maximum vertical resolution 0.2 nm, and measuring speed
0.10mm/s [61].

Following the measurements, data analysis was made
with the MarWin EasyRoughness software fromMahr. The
settings for the evaluation of the surface texture of the profile
of the sampleswere based on the informative annexD of ISO
21920-3:2021 [62], as the sampleswereproduced ina research
framework and therefore have no nominal values. Further-
more, the following measurement configuration parameters
were used: total profile length 0.56mm, section length
0.08mm, and evaluation length le=0.4mm [22]. That
analysis enabledthe evaluationof severalparametersbesides
profile roughness parameter Ra. These were the height
parameters: root mean square height Rq, skewness Rsk,
kurtosis Rku, and total height Rt [22], and these were the
feature parameters maximum height Rz, mean peak height
Rp, and mean pit depth Rv [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:

U k ¼ 2ð Þcontact angle ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Uangle standard

2

� �2

þ sEð Þ2
s

þ jE:j ð6Þ

In equation (6), Uangle standard is the accuracy of the
angle standard as defined in materials and methods, E and
sE 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 u, the uncertainty
was evaluated following JCGM [63], and the contributors
to the uncertainty evaluation were: the standard deviation
of the contact angles u for each liquid andUcontact angle from
equation (6).

Table 4 shows values of x 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 u from Table 3.

Figure 5 shows fitting of a linear equation to the values
of x and y, and the caption of Figure 4 presents the fit
parameters. TheR-squared value is close to 1 and indicates a
decently successful fit [64], though it is important to notice
that theR-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
betweendataandfit.Thefittingprocedureaimedtomitigate
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 ss

p, and the disperse surface
free energy of the solid surface ss

d, and the total surface free
energy of the solid surface ss. The associated uncertainties
were evaluated following JCGMbypropagating uncertainty
for ss

p, ss
d, ss in equations (1) and (3) [36,63], and the

contributors to the uncertainty evaluation were: the fit
parameterbandm fromFigure5.Table5displays 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 Sa 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 Ra
effectively resolved the nanometre scale of the observed
surface roughness. Apart from Ra, Table 6 also shows the
parameters Rq, Rsk, Rku, Rt, Rz, Rp, and Rv 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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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 u. In turn, the uncertainty
of u 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 ymay
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

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 MFMET project [32–34].

Contact angles u (°) 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 u ð°Þ 23±6 38±7 36±8

Table 4. Values of x and y. The uncertainties Uy 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, yfit, from the fit in Figure 5 and a
comparison of y and yfit with Z-score [64] using uy=Uy/2. The discussion has further details on the Z-score comparison.

Water Di-iodomethane Ethylene glycol

x 1.53 0.00 0.74
y±Uy ((mN/m)1/2) 15.0± 0.3 6.4± 0.3 7.7± 0.4
yfit ((mN/m)1/2) 14.1 5.8 9.8
Z-score (y-yfit)/uy 4.9 4.2 –11.1

Fig. 5. Plot of values of x and y. Uncertainties of y, b andm 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)1/2 and slopem=(5±4) (mN/m)1/2.
The R-squared of the fit is R2=0.87. These results were also
communicated in reports of the MFMET project [32–34].

Table 5. Calculated values for ss
p, ss

d, and ss 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)

ss
p 30±40

ss
d 34±38

ss 63±55
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the values of u 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 u, sl, sl

d, 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 y, 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 0.5 nm were expected. The AFM
measurements produced surface roughness values in the
range 0.46–0.60 nm, 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 (≈0.1 nm). 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 Ra than area roughness parameter Sa 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

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 Sa (nm) Ra (nm) Rq (nm) Rz (nm) Rt (nm) Rp (nm) Rv (nm) Rsk Rku

2 Channel
surface 1

0.60±0.04 1.4± 0.2 1.7± 0.4 8±2 12±6 4±1 4.0±0.8 –0.1±0.6 4±2

Channel
surface 2

0.60±0.06 1.3± 0.6 1.6± 0.7 8±3 10±6 4±2 4±2 –0.4±0.7 3±2

Bonding
surface

0.51±0.04 – – – – – – – –

3 Channel
surface 1

0.56±0.06 1.3± 0.2 1.6± 0.4 8±2 11±6 4±2 4±1 –0.1±0.8 4±2

Channel
surface 2

0.56±0.02 1.3± 0.6 1.7± 0.7 8±4 12±6 4±2 4±2 –0.2±0.6 3±2

Bonding
surface

0.49±0.04 – – – – – – – –

4 Channel
surface 1

– 1.4±0.3 1.8± 0.6 8±2 13±9 4±1 4±1 0±1 5±5

Channel
surface 2

– 1.5±0.7 1.9± 0.9 9±4 13±9 4±2 4±2 0±1 5±5

Bonding
surface

0.46±0.02 – – – – – – – –

5 Bonding
surface

– 1.4±0.4 1.8± 0.5 8±2 11±3 4±1 4±1 –0.4±0.4 3.3± 0.6
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mean over two dimensions, while stylus profilometry
measured it as a mean over one dimension. Second, the
scanning ranges were different with AFM scanning 5mmby
5mm, and stylus profilometry scanning 560mm. Hence, the
two methods measured surface roughness on different
scales. Finally, the tip radius of AFM was 7 nm, while the
tip radius of stylus profilometry was 2mm, 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 Rz, Rp, and Rv, 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 andwettabili-
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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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 AFMmeasurements contributed to the AFM averages presented in Table 6. These
results were also communicated in reports of the MFMET project [31,34].
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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 CO₂ 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 SO₂ in a CO₂ matrix and two of H₂S in a CO₂ matrix. Moreover, four multicomponent 
mixtures were also characterized: two containing SO₂ + CO + O₂ in a CO₂ matrix, and two with H₂S + CO + CH₄ + O₂ 
in a CO₂ 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.
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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 CO₂ 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 CO₂ 
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 
(CO2) 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 (CO₂) 
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 
CO₂ measurement techniques, the improvement of calibration 
procedures and metrological standards, the support of carbon 
capture and storage (CCS) technologies, and the promotion of CO₂ 
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 CO₂ 
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 CO2 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 SO2 in a CO2 
matrix and two of H2S in a CO2 matrix) and four multicomponent 
mixtures (two containing SO2, CO, and O2 in a CO2 matrix, and 
two with H2S, CO, CH4, and O2 in a CO2 matrix). These mixtures 
were successfully characterized to measure four pollutant gases 
and oxygen in a CO2 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 (NDUV) 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 (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 [10]:

Where: xi 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; mA is the 
mass of parent gas A determined by weighing, A = 1,……, P; Mi is 
the molar mass of the component i; xi,A 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:

where:
u(Mi) - uncertainty in molar mass
U(mA) - uncertainty in weighing
u(xiA) - uncertainty in purity analysis

To obtain the expanded uncertainty, the combined standard 
uncertainty is multiplied by a coverage factor k, which, for a 
t-distribution with νₑf (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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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.  
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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. 

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 

                    
 

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 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.  

 

                
 

Figure 3: Rolling Cylinder System 

                    
 

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 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.  

 

                
 

Figure 3: Rolling Cylinder System 

                    
 

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 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.  
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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 H₂S, CO, O₂, CH₄, and SO₂ in a 
CO₂ 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 CO2. In this case, the matrix will not influence 
the analysis because the analyzers in question do not detect CO2 
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 (En) statistical tool 
that is typically applied in comparison of measurement systems, 
calculated according to the following equation:

Where xCer1 is the concentration value from the first certification 
and xCern is the concentration value resulting from the nth 
certification. UCer1 represents the uncertainty associated with xCer1 
while UCern is the expanded uncertainty associated with xCern. With 
this statistical tool, the results are considered satisfactory if |En| ≤ 1 
and unsatisfactory if |En| > 1.

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 (H₂S) in a carbon dioxide 
(CO₂) matrix, designated as PRM108595 and PRM108596. 
Additionally, two mixtures of sulfur dioxide (SO₂) in CO₂ 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 
CO2 matrix, PRM608395 and PRM308978 with the impurities 
SO2, CO and O2; and two, PRM202557 and PRM302530, with the 
impurities H2S, CO, O2, and CH4. 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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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.  

 

 

PRM10859

6 

H2S/CO2 
Date x µmol/mol U µmol/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 
 

 

PRM10859

5 

H2S/CO2 
Date x µmol/mol U µmol/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 1: Results of the Stability Study for the Prepared Binary Mixtures of H2S/CO2 

 

 

PRM408326 SO2/CO2 

Date x µmol/mol U µmol/mol En 

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 SO2/CO2 

Date x µmol/mol U µmol/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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5 

SO2+CO+O2 / CO2 
 SO2 
Date x µmol/mol U µmol/mol En 
2024-04-18 14,24 0,77 - 
2024-11-18 14,1 1,3 -0,09 
 CO  
Date x µmol/mol U µmol/mol En 
2024-04-17 660,7 1,6 - 
2024-11-22 653,5 1,6 -3,2 
 O2 
Date x cmol/mol U cmol/mol En 
2024-04-16 0,568 0,048 - 
2025-01-23 0,572 0,017 0,08 
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7 

H2S+CO+O2+CH4 / CO2 
 H2S 
Date x µmol/mol U µmol/mol En 
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 µmol/mol U µmol/mol En 
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 
 O2 
Date x cmol/mol U cmol/mol En 
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 
 CH4 
Date x cmol/mol U cmol/mol En 
2023-09-14 1,9685 0,0060 - 
2024-04-17 1,9686 0,0061 0,01 
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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 CO₂-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 CO₂ capture, transport, and 
storage.

In conclusion, IPQ has demonstrated its ability to prepare and 
certify reference materials (CRM) for measuring impurities of H2S, 
SO2, CO, O2 and CH4 in CO2, 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 CO₂ capture, compression, 
transport, and final storage, as well as its application in industrial 
processes. Accurate monitoring of CO₂ 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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Stability Study of Multicomponent Mixtures to Support Carbon 
Metrology 

Florbela A. Dias 1*, Cristina Palma1, and Carlos J. Costa1 
1Instituto Português da Qualidade, Rua António Gião, 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: SO2 in CO2 
matrix (two mixtures) and H2S in CO2 matrix (two mixtures) and four multicomponent mixtures 
SO2+CO+O2 in CO2 (two mixtures) and H2S+CO+CH4+O2 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 (En) function in accordance with 
the international standard ISO 13528:2022 for statistical methods.  

1 Introduction 
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 (CO2) 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 CO2 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 
SO2 in a CO2 matrix and two of H2S in a CO2 matrix) 
and four multicomponent mixtures (two containing SO2, 
CO, and O2 in a CO2 matrix, and two with H2S, CO, 
CH4, and O2 in a CO2 matrix). These mixtures were 
successfully characterized to measure four pollutant 
gases and oxygen in a CO2 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 
(En) 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
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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]: 

௜ݔ        = ∑ ቆ ೣ೔,ಲ⋅೘ಲ∑ ೣ೔,ಲ⋅ಾ೔೙೔సభ ቇುಲసభ∑ ቆ ೘ಲ∑ ೣ೔,ಲ⋅ಾ೔೙೔సభ ቇುಲసభ     (1) 

Where: xi 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; mA is the mass of parent gas A 
determined by weighing, A= 1,……, P; Mi is the molar 
mass of the component i; xi,A 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. 

 
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 H₂S, CO, O₂, CH₄, and SO₂ in a CO₂ 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 CO2. In this case, the matrix will not 
influence the analysis because the analysers in question 
do not detect CO2 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: 

࢔ࡱ         =   ௫ౙ౛౨భ ି ௫ౙ౛౨೙ට௎ౙ౛౨భమ ା  ௎೎೐ೝ೙మ    (2) 

Where xCer1 is the concentration value from the first 
certification and xCern is the concentration value 
resulting from the nth certification. UCer1 represents the 
uncertainty associated with xCer1 while UCern is the 
expanded uncertainty associated with xCern. With this 
statistical tool, the results are considered satisfactory if 
|En| ≤ 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 H2S in a carbon dioxide matrix, 
designated as PRM108595, PRM108596 and two 
mixtures of SO2 in CO2, 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 CO2 matrix, PRM608395 and PRM308978 
with the impurities SO2, CO and O2; and two, 
PRM202557 and PRM302530, with the impurities H2S, 
CO, O2, 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/CO2 

PRM108596 H2S/CO2 

Date x μmol/mol U μmol/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 H2S/CO2 

Date x μmol/mol U μmol/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 SO2/CO2 

Date x μmol/mol U μmol/mol En 

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 SO2/CO2 

Date x μmol/mol U μmol/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 3. Results of the stability study for the prepared 
multicomponent mixture of SO2+CO+O2 / CO2 

PRM608395 SO2+CO+O2 / CO2 

 SO2 

Date x μmol/mol U μmol/mol En 

2024-04-18 14,24 0,77 - 

2024-11-18 14,1 1,3 -0,09 

 CO 

Date x μmol/mol U μmol/mol En 

2024-04-17 660,7 1,6 - 

2024-11-22 653,5 1,6 -3,2 

 O2 

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 4. Results of the stability study for the prepared 
multicomponent mixture of H2S +CO+O2+CH4 / CO2 

PRM202557 H2S+CO+O2+CH4 / CO2 

 H2S 

Date x μmol/mol U μmol/mol En 

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 μmol/mol U μmol/mol En 

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 

 O2 

Date x cmol/mol U cmol/mol En 

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 

 CH4 

Date x cmol/mol U cmol/mol En 

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 5. Results of the stability study for the prepared 
multicomponent mixture of H2S +CO+O2+CH4 / CO2 

PRM302530 H2S+CO+O2+CH4 / CO2 

 H2S 

Date x μmol/mol U μmol/mol En 

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 μmol/mol U μmol/mol En 

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 

 O2 

Date x cmol/mol U cmol/mol En 

2023-12-18 0,602 0,051 - 

2024-04-16 0,591 0,058 -0,14 

2025-01-23 0,585 0,017 -0,32 

 CH4 

Date x cmol/mol U cmol/mol En 

2023-12-05 1,915 0,015 - 

2024-04-17 1,9270 0,0059 0,74 

2024-11-28 1,9284 0,0060 0,83 

 
 
 

5 Summary 
In conclusion, IPQ has demonstrated its ability to 
prepare and certify reference materials (CRM) for 
measuring impurities of H2S, SO2, CO, O2 and CH4 in 
CO2, 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. 
 
Looking ahead, this research may be extended to 
mixtures containing additional components. 
Additionally, to enhance the scope of the project, these 
mixtures will be analysed using alternative analytical 
methods to gather more data for further characterization 
of the mixtures.  
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Em qualquer domInio de atividade
(técnico, cientifico, comercial, entre
outros) a rastreabilidade das mediçoes é
urn aspeto essencial para assegurar o rigor
dos resultados e a sua comparabilidade.

Figura L a. Sistema experimental do PQ para a realização prática da unidade de re&stência

elétrica ohm através do Efeito de Hall Quàntico, onde o sistema de vácuo e o crióstato

asseguram urn valor de temperatura da ordem de 1 kelvin; b. Imagem de uma amostra de

Hall baseada numa heteroestrutura de GaAs/AlGaAs; c. Representaçäo esquemática de

urna amostra de Hall, onde V corresponde a tensto quântica gerada nos seus terminais

quando esta percorrida pm uma corrente elétrica I submetida a urn campo magnético B e

definidas em termos de contantes fundamentais da natureza, corn
valores imutáveis e exatos (publicada em maio de 2025 a Tradução
Luso-Brasileira). As unidades de medida das grandezas derivadas
são estabelecidas através de produtos de potências das unidades
base.

Os Institutos Nacionais de Metrologia, entre outros aspetos,
são responsáveis por estabelecer a realização prática das defi
niçöes das unidades de medida e por assegurar a rastreabilidade
das rnediçöes ao SI através da calibraçáo de instrumentos de me-
diçào, nomeadamente dos padrôes usados pelos LaboratOrios de
Calibração acreditados que, por sua vez, asseguram a calibração i

de instrumentos de medição usados na indUstria e serviços. Em
Portugal, essa missão é assegurada pelo IPQ — Instituto Português
da Qualidade.

A definição atual da unidade base da corrente elétrica, ampere,
estabelece que 1 A corresponde ao fluxo de 1/(1,602 176 634 x 1O)
cargas elementares por segundo.

Historicamente, a realização da unidade de corrente elétrica
apresenta maior dificuldade do que a realizaçào prática do volt e do
ohm. Enquanto estas são materializadas, respetivamente, através
dos Efeitos Quânticos de Josephson e de Hall, que asseguram a sua
rastreabilidade direta as constantes fundamentais da natureza —

constante de Planck (h) e carga elementar (e) — a definição prática
do ampere recorreu, durante décadas, a sua determinaçao indireta
pela lei de Ohm. Atualmente, a aplicacão universal destes efeitos
quânticos torna possIvel a realizaçao pràtica do ampere. As Figuras
1 e 2 ilustram, de forma esquemática, os sistemas experimentais
implementados no P0 para a realizaçào prática destas unidades
elétricas.

verificando-se urn valor de V, prOxirno de zero.

A rastreabilidade metrolOgica é definida como a ‘propriedade dum
resultado de medição pela qua! tal resultado pode ser relacionado a
uma referenda através duma cadela ininterrupta e documentada de
calibraçoes, cada uma contribuindo para a incerteza de medição”.
Esta cadeia de calibraçöes, em que o resultado da indicaçào de urn
instrumento de medição é relacionado corn a indicação de urn ou
tro instrumento de medição (padrão) de exatidão superior, asse
gura a ligaçao a uma referência comum estabelecida pelo topo da
cadeia. Essa referéncia, ou padrão de referência, rnaterializa uma
quantidade expressa, corn o maior rigor possIvel, de acordo corn o
estado da arte, nas unidades de medida acordadas para a grandeza
fisica ou qulmica em questão, e assegurando, dessa forma, a corn-
parabilidade e uniformidade das rnediçoes.

As unidades de medida são estabelecidas por convenção en-
tre os Estados-Membros e sob a responsabilidade do Bureau
international des Poids et Mesures (BIPM), organização interna
cional e intergovernarnental, criada em 1875, através do tratado da
Convençao do Metro, da qual Portugal é membro fundador.

Em 2019, 0 BIPM publicou a ültima revisão do Sistema
lnternacional de Unidades (SI), passando as 7 unidades base (ki
lograma, metro, segundo, ampere, kelvin, candela, mole) a estarem

dossier sobre instrumentação, mediçào e ensaios elétricos

a rastreabilidade das mediço&
no dominio elétrico

Instrumentacao para o controlo de
temperature e de campo magnetico

C

Sistema de vácuo : •
Criostato

Figura 2. a. Sisterna experimental do PC para a realizacto prética da unidade de tensäo

volt - através do Efeno Quântico de Josephson, que inclul urn dewar corn hélio liquido, para

manter 0 padräo de tensâo a ternperaturas criogénicas (da ordem de 4 kelvin), bern corno

a instrurnentação de controlo e medição, b. Imagem do padräo de tensão de Josephson,

consUtudo por milhares dejuncBes supercondutor-isolador-supercondutor programáveis pan

genar valones quânticos de tensäo entre 0 V a 10 V. em regime continuo e alterando (DC a Ac).

wwoelectric sta 0 t to at 93



dossier sobre instrumentação, medição e ensaios elétricos

Estes padrOes primários permitem a realização das respetivas

unidades de medida corn incertezas tIpicas na ordern de algurnas
parteS ern 1O. e assegurarn a sua transferëncia para padrOes de
referência constituindo o segundo nIvel na cadeia de rastreabilida

de. Estes padröes de referéncia, por sua vez, são utilizados na ca
ibracão de instrumentos de medição rnultifunçào, tais corno cali
bradores ou multImetros de elevada resoução, cuja exatidão e da

ordern de algurnas partes por rnilhão. No extrerno desta cadeia de
rastreabilidade encontrarn-se os multIrnetros de rnão, cujas especi
ficaçOes são gerairnente expressas ern terrnos do erro rnáximo da

sua indicaçäo (Figura 3).
A extensão destas cadeias de rastreabilidade a outras grande

zas derivadas no domInio elétrico, como capacidade, indutância, po

téncia e energia e a necessidade de construir escalas para abranger
intervalos de medição acima a abaixo dos valores iniciais de rnate

ria(ização das unidades de rnedida, exigern sistema cornplexos e de
operacionalizacão dernorada. Constituern, por isso, urn desafio para

Os Institutos Nacionais de Metrologia que os procurarn irnplernen

tar e desenvolver continuadarnente na procura de sisternas capazes

de atingir elevados nIveis de exatidão e de operacionalização mais

b

I

I
•-•

Il

0

C

Figura 3. a. Calibrador multifunção corn capacidade de gerar valores de tensão e corrente

(DC e AC) e resistència; b. Multirnetro de etevada resolucäo corn olto digitos e rneio c.

.

MijitIrnetro de mao.

eficiente. Regionairnente, os Institutos Nacionais de Metrologia agru
parn-se em associaçöes para coordenar o desenvolvimento de tra

baiho conjunto. Na Europa, essa entidade é a EURAMET. Nos üttimos
anos, muitos dos projetos de investigação conjuntos a nIvel europeu,
e em que Portugal tern participado ativamente, tern-se focado no
desenvolvirnento de aplicaçOes dos padröes de tensão Josephson,
para substituir os sistemas de rastreabilidade clássicos de tensão
AC, baseados em termo conversores AC-DC e na amostragem digital
de sinais elétricos AC corn multIrnetros rastreados diretamente aos
padröes Josephson.

As unidades de medida são estabelecidas
por convenção entre os Estados-Membros
e sob a responsabilidade do Bureau
International des Poids et Mesures
(BIPM), organização internacional e
intergovernamental, criada em 1875,
através do tratado da Convençao do Metro,
da qual Portugal é membro fundador.

Em smntese, a rastreabilidade das mediçôes, em particular no dornI
nio elétrico, é essencial para garantir o rigor e a cornparabilidade dos
resultados. A Metrologia, ciência da medição e das suas aplicaçöes,
está em constante desenvolvimento técnico-cientIfico para assegu
rar a implementação destas cadeias de rastreabilidade e a melhoria
continua da exatidão das mediçöes, com impacto nos mais diversos
aspetos da nossa vida quotidiana. E’



APLICAÇÕES DA METROLOGIA EM CUIDADOS DE 
SAÚDE 

Maria do Céu Ferreira  

1. INTRODUÇÃO 

 
Ao longo das últimas décadas, a crescente consciencialização para a necessidade da 
melhoria contínua dos serviços e cuidados de saúde tem evoluído de uma forma 
significativa, permitindo a utilização de instrumentos cada vez mais sofisticados e 
complexos. Esta evolução tem proporcionado o acesso a novos meios de diagnóstico e de 
terapêutica, com otimização dos respetivos parâmetros de eficácia e de eficiência, sendo 
também nesta matéria os resultados das medições parâmetros fundamentais.  
 
Considerando que o valor de qualquer grandeza é determinado através de medições, a sua 
influência nos processos de decisão, designadamente nos que envolvem a avaliação clínica 
e, por conseguinte, a evolução do diagnóstico e/ou tratamento, é, indiscutivelmente, uma 
realidade na sociedade. Nesta vertente, a importância da Metrologia em saúde, como 
ciência da medição, apresenta-se de uma forma permanente e transversal. Nesta vertente, 
o subsistema da Metrologia, inserido na estrutura organizacional do Sistema Português da 
Qualidade que é coordenado pelo Instituto Português da Qualidade, desempenha um papel 
fundamental na consecução da garantia da Qualidade, enfatizando-se a sua relevância nos 
serviços e nas instituições de saúde. 
 
 

2. A IMPORTÂNCIA DA RASTREABILIDADE METROLÓGICA 
DAS MEDIÇÕES 

Entre as várias atribuições da Metrologia, salienta-se a definição das unidades de medida 
internacionalmente aceites, onde naturalmente se inclui os padrões e os instrumentos de 
medição, bem como todos os assuntos que estão relacionados com as medições (Ferreira, 
2013).  
 
No domínio da saúde, as características metrológicas dos instrumentos médicos com 
função de medição, habitualmente designados por equipamentos médicos, e o rigor das 
medições preconizadas pelos mesmos, apresentam-se como fatores determinantes em 
saúde. A fundamentação para tal, assenta na importância da indicação dos resultados das 
medições, que influenciam a decisão/evolução do diagnóstico e/ou tratamento. Essas 
medições contribuem assim de forma significativa para o diagnóstico clínico e processos 
terapêuticos, com o consequente impacto no doente/utilizador ou cliente (Ferreira, 2011).  
Nesta matéria refira-se, como exemplo, a importância da utilização dos equipamentos de 
ultrassons (ecógrafos) na medição exata do diâmetro de um vaso, amplamente utilizado 
em protocolos cardiovasculares, ou na determinação das características dimensionais de 
uma massa num determinado órgão, ou ainda, numa outra vertente, a importância da 
dosagem exata dos fármacos ministrados através dos sistemas de bombas de perfusão. 
Refletindo em outras áreas clínicas, outros exemplos de aplicação emergem: no domínio da 



hemodiálise, é crucial para o sucesso do processo o rigor da indicação do instrumento de 
pesagem (balança) utilizado com o paciente, entre outros aspetos. Ao caminharmos para o 
domínio das radiações ionizantes e respetivos impacto que as mesmas exercerem no corpo 
humano facilmente é percetível o quão importante é conhecer com a máxima exatidão a 
quantidade de radiação a debitar. 
 
Ainda na vertente clínica, e apesar de ser um processo relativamente simples, a medição da 
pressão arterial está sujeita a vários fatores de erro (erros aleatórios e erros sistemáticos) 
que poderão conduzir a falsos diagnósticos. Em função do estado de saúde do utilizador 
dos instrumentos de medição, esta ocorrência poderá ter impacto significativo na sua 
qualidade de vida e, com repercussões económicas e sociais.  
 
Vários outros exemplos poderiam ser elencados, pois em todas as áreas clínicas existem 
instrumentos médicos com função de medição que são diariamente utilizados. De facto, o 
que a prática diária evidencia é que, em todos os processos clínicos existe um 
denominador comum relativamente ao qual, e no atual contexto, se designa por 
rastreabilidade metrológica, e que poderá contribuir para o sucesso ou insucesso dos 
resultados clínicos. 
 
De acordo com o Vocabulário Internacional de Metrologia (VIM, 2012), rastreabilidade 
metrológica é uma propriedade do resultado da medição, através da qual esse mesmo 
resultado pode ser relacionado com uma referência. Assim, no caso de não ser possível 
relacionar a indicação da medição com um padrão credível e comparável, a probabilidade 
de ser disseminado um resultado não verdadeiro é real e significativa, com todas as 
consequências que poderão derivar desse resultado não conforme. 
Também nesta vertente, assume especial relevância o controlo da qualidade do 
equipamento e a garantia do correto funcionamento dentro das suas especificações, sendo 
de importância vital para a segurança dos utilizadores (profissionais de saúde, 
doente/utente, terceiros) e para a credibilidade das medições e dos seus resultados 
(Ferreira, 2015). 
 
 

2.1 COMO ASSEGURAR A EFETIVA RASTREABILIDADE 

METROLÓGICA DAS MEDIÇÕES 

A medicina estabelece consensos e estratégias para tratamento e diagnóstico de 
patologias, assumindo que as instituições de saúde e os instrumentos de medição 
utilizados na obtenção de diagnósticos funcionem em conformidade, com resultados 
aceites e confiáveis. Por outro lado, uniformizar e integrar verdadeiramente os conceitos 
da qualidade em saúde entre os vários profissionais da saúde e aproximar a respetiva 
aplicabilidade de uma forma generalizada, continua a constituir um enorme desafio para 
várias organizações de saúde. 
 
Na realidade, a implementação de modelos de governação clínica assentes em princípios 
de gestão pela qualidade, orientados para ganhos (mensuráveis) em saúde são, 
indiscutivelmente vetores catalisadores de uma efetiva cultura da qualidade. 
Assim, uma questão relevante que qualquer profissional de saúde deveria colocar a si 
próprio antes de aceitar um resultado de uma medição indicado por um equipamento 



médico com função de medição, seria questionar-se sobre a sua validade. Obviamente que, 
a análise critica de qualquer resultado, designadamente o de uma medição, implica uma 
atitude pró-ativa, mas também um conhecimento prévio dos valores aproximadamente 
espectáveis, face às referências conhecidas. Em muitos domínios, este comportamento 
poderá marcar a diferença entre um bom ou um mau diagnóstico. 
 
Considerando que as medições realizadas em contexto clínico estão relacionadas com as 
grandezas do Sistema Internacional de Unidades, SI (BIPM 2019) tais como a massa, 
temperatura, comprimento, etc., consideram-se aplicáveis os princípios adotados para as 
diversas áreas de intervenção na sociedade, onde a atuação da metrologia é uma realidade 
há muito praticada. Seguindo essa linha de raciocínio, existe uma forte necessidade de 
conhecer e otimizar a rastreabilidade metrológica dos instrumentos de medição, pois o 
conhecimento das condições de reprodutibilidade e de repetibilidade de um instrumento 
de medição é um requisito obrigatório nas boas práticas metrológicas, independentemente 
da área de atuação.  
 
A utilização de equipamentos médicos com erros desconhecidos (não existe erro nulo, 
contrariamente ao que frequentemente se assiste) no diagnóstico e no tratamento de 
doentes, em muitas situações, poderá induzir a alterações nos parâmetros, nos protocolos 
e nas condições terapêuticas aplicadas e, consequentemente, conduzir a um procedimento 
inadequado (Barroso, 2021).  
 
Apesar de em Portugal, maioritariamente, os serviços de saúde (públicos e privados) 
apresentarem Sistemas de Gestão da Qualidade implementados, o cumprimento de 
requisitos relacionados com a rastreabilidade metrológica dos instrumentos de medição 
ainda está longe de uma abordagem similar à que é aplicada em outros sectores da 
sociedade. Inclusivamente, em diversos contextos de avaliação, a abordagem metrológica 
oscila em função da área de avaliação e dos conhecimentos específicos de quem avalia. Em 
complemento, como não existe uma monitorização da conformidade metrológica de 
acordo com os requisitos estabelecidos para cada área clínica, o acesso às características e 
desempenho metrológico dos equipamentos médicos torna-se uma tarefa dificultada.  
 
No sentido de contribuir para a melhoria continua dos serviços de saúde e minimizar o 
impacto da ausência de rastreabilidade metrológica, o Instituto Português da Qualidade 
publicou recentemente legislação para a implementação de controlo metrológico legal em 
quatro domínios distintos. Assim, a par dos instrumentos de pesagem e do domínio das 
radiações ionizantes, em novembro de 2023 foram publicados novos diplomas aplicáveis 
ao controlo metrológico legal de termómetros clínicos, esfigmomanómetros, audiómetros 
e tonómetros.  
 
Tabela 1: Legislação nacional aplicável ao controlo metrológico legal de instrumentos de 
medição no âmbito da saúde 
 
Portaria Âmbito de aplicação 

Portaria n.º 351/2023 de 14 de novembro Controlo metrológico legal de audiómetros 

Portaria n.º 368/2023 de 15 de novembro Controlo metrológico legal de tonómetros 

Portaria n.º 367/2023 de 15 de novembro 
Controlo metrológico legal de termómetros 

clínicos 



Portaria n.º 354/2023 de 14 de novembro 
Controlo metrológico legal dos 

instrumentos de medição da pressão arterial 

Portaria n.º 356/2023 de 14 de novembro Controlo metrológico legal dos 
instrumentos de medição de radiações 
ionizantes 

Portaria 320/2019, de 19 de setembro 

 

Controlo metrológico legal dos 

instrumentos de pesagem não automática 

 
 
Assim, através da implementação de operações de verificação metrológica realizadas por 
entidades com qualificações devidamente reconhecidas para os devidos efeitos, o rigor das 
medições encontra-se assegurado bem como os resultados que fundamentam a medicina 
baseada na evidência. Encontram-se assim, reunidas as condições iniciais para a efetiva 
promoção e aplicação de abordagens adequadas do ponto de vista da metrologia, 
qualidade e rastreabilidade das medições nos diferentes tipos de equipamentos, 
procedimentos e práticas vigentes na área da saúde, com envolvimento dos profissionais e 
entidades do setor. 
 
  

3. CONCLUSÕES 

Garantir o rigor e a exatidão das medições é uma condição prévia a assegurar, em prol da 

qualidade dos serviços e da segurança do utilizador. 

 

O atual cenário permite afirmar que em Portugal, a Metrologia aplicada aos equipamentos 

médicos tem contribuído para a melhoria continua dos serviços de saúde e dos respetivos 

procedimentos aplicáveis, contudo, tem ainda um longo caminho de implementação pelas 

instituições de saúde.  Neste enquadramento, qualquer estratégia de desenvolvimento futuro 

terá de passar por uma maior participação dos utilizadores do sistema, que inclui a atuação 

governamental através de relações e cooperações interministeriais, permitindo às 

organizações promover benefícios para a saúde, para a economia e para a Qualidade dos 

serviços e dos cuidados de saúde. 
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METROLOGIA NOS DOMINIOS
DAS RADIAçQES IONIZANTES,
ENERGIA, ACUSTLCAI EMISSOES
GASOSAS E [‘yIATERIAS
- PR I MAS CR ITI CAS: PERSPETIVA
NACIONAL E INTERNACIONAL

A ciéncia da medição impacta em todas as

areas da sociedade moderna, e para além do

impacto na investigacão cientIfica e no setor

industrial e econômico, desempenha um pa-

pel vftal para garantir a segurança, a qualida

de e o bem-estar da sociedade.

Enfrentamos atualmente um mundo em

grande mudança, onde a Europa enfrenta

também uma multiplicidade de desafios e

onde são evidentes as necessidades de novas

capacidades metrolOgicas. As areas onde a

Metrologia terá um papel crucial na prOxima

década incluem as que permitem assegurar

sociedades resilientes, indiistrias soberanas e

competitivas, maior inovação tecnológica, for-

necimento de energia a baixo custo, proteção

do ambiente, descarbonização, a par da miti

gação e adaptação as alteraçOes climáticas,

ambição de poluição zero, economia circular,

transformação digital, transformação do sis

tema de saüde e resiliência das infraestrutu

ras europeias, fatores estes que estabelecem

confiança através da garantia da qualidade.

De modo a acompanhar todos estes desafios,

e imprescindIvel a plena articulação e forte

cooperacão europeia e internacional da rede

alargada de intervenientes, quer no âmbito da

investigacão e do desenvolvimento, da nor-

malização, dos fabricantes e dos reguladores.

Esta colaboração, orientada pelas necessida

des das areas emergentes, abre caminho para

desenvolvimentos inovadores e novos produ

tos e dispositivos, aperfeiçoando métodos e

processos de medição.

A Metrologia disponibiliza a estrutura que

assegura 0 rigor e a comparabilidade das

mediçöes e que possibilita a livre circulação

dos produtos e a eliminação de barreiras co

merciais, atendendo aos mesmos critérios de

justiça, transparéncia, seguranca e qualidade,

essenciais para 0 sucesso do mercado ünico e

da competitividade global das indUstrias eu

ropeias.

Em particular, a Metrologia cientIfica e aplica

da enfrenta atualmente um processo de re

novação estrutural, impulsionado por fatores

como a transição energética, a transforma

ção digital, a sustentabilidade ambiental e a

emergéncia de novas tecnologias. Neste con-

texto, e considerando, em particular, os domI

nios das radiaçöes ionizantes, energia, acüs

tica, emissöes gasosas e matérias-primas

crIticas, estes assumem um papel decisivo,

exigindo uma abordagem integrada que alia

a rastreabilidade metrolOgica, a interoperabi

lidade digital e a resposta aos desafios sociais

e econOmicos emergentes.

RADIAçöES ONIZANTES

A medição rigorosa no dommnio das radiaçöes

ionizantes é essencial em diversas areas e

aplicaçöes, tais como na investigação, aplica

çöes médicas (e.g. medicina nuclear, prote

cáo radiolOgica, radioterapia, radiodiagnOsti

co), industriais (e.g. esterilização, controlo da

qualidade) e ambientais (e.g. monitorização

da radioatividade). 0 Comité Consultivo para

Radiaçöes lonizantes (CCRI) do Bureau Inter-
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national des Poids et Mesures (BIPM) tern

vindo a consolidar os referenciais globais da

rastreabilidade das rnediçöes aos padröes do

Sisterna Internacional de unidades (SI), corn

destaque para os padröes prirnários de dose

absorvida, a expansão dos campos de radiação

cimnicos e a meihoria das respetivas incertezas

associadas.

A nivel europeu, a participação nacional ern

atividades de investigação e desenvolvimento

rnetrolâgico, ern particular no âmbito da Eu-

ropean Metrology Programme for Innovation

and Research (EMPIR), no quadro do Horizonte

2020, da European Partnership on Metrology

(EPM), do Horizonte Europa, bern corno a par-

ticipação nas European Metrology Networks

(EMN) da EURAMET (e.g. a European Metro-

logy Network for Radiation Protection) tern

permitido o desenvolvimento de novas tecno

logias, de soluçöes adequadas para aplicaçöes

práticas, novos serviços de calibração e capaci

dades de rnedição, bern como a elaboração de

normas e de regulamentos técnicos.

Portugal, através do seu Instituto Designado

para as Radiaçöes lonizantes, o LaboratOrio

de Metrologia das Radiaçöes lonizantes (LMRI)

do Instituto Superior Técnico (1ST), assegura,

em particular, a manutenção e a rastreabili

dade das grandezas dose absorvida na ãgua,

dose absorvida no tecido, equivalente de dose

ambiente, equivalente de dose direcional,

equivalente de dose individual e atividade por

unidade de superfIcie, de acordo corn as suas

capacidades de medição e de calibração publi

cadas na KCDB do BIPM.

Como i nvesti mentos estratégicos deterrn i -

nantes neste âmbito, incluem-se, nomeada

mente, 0 desenvolvimento de padröes pri

mários para o dommnio dos radionucildeos, a

consolidação da capacidade laboratorial em

dosirnetria de elevada exatidão, para fins clmni

cos e ambientais, bern como o desenvolvimen

to de sistemas automatizados de calibração e

a integração de algoritmos baseados em lnte

ligência Artificial, designadamente para técni

cas de análise espectral e para a estimativa de

incertezas de medição.

No âmbito da Metrologia legal, Portugal asse

gura atualmente o controlo metrolOgico dos

instrumentos de mediçáo de radiaçOes ioni

zantes e dos seus dispositivos complementa

res, considerando, em particular, as categorias

de instrumentos de medição de radiação para

a radioterapia, medicina nuclear, radiologia e a

proteção radiolOgica.

EN ERG IL

As areas onde a Metrologia terá um papel

crucial na prOxima década incluem as que

permitem assegurar sociedades mais resi

lientes, 0 fornecimento de energia a baixo

custo, a proteção do ambiente, a descarbo

nização, a par da mitigacão e adaptacão as

alteraçOes climãticas, ambicão de poluição

zero e a economia circular. São diversos os

desafios na area da energia, e incluem, entre

outros, as alteraçöes climãticas e as metas

de descarbonização, a segurança energética

global, as desigualdades no acesso a energia,

a dependéncia de combustIveis fósseis e a ur

géncia para a aceleração da transição energé

tica. Torna-se, assim, premente potenciar urn

maior desenvolvimento tecnolOgico e investi

rnento em ãreas-chave que permitam o cres

cimento sustentãvel da mobilidade elétrica e

0 armazenamento de energia, o aumento de

redes inteligentes (smart grids) e a digitali

zação do setor energético, uma maior aposta

no hidrogénio verde como vetor energético

estratégico, e o fortalecimento da capacidade

de energias renovãveis (especialmente eólica

e fotovoltaica).

Neste ãmbito, o Instituto Portugués da Qua-

lidade (IPQ), enquanto lnstituição Nacional

de Metrologia, coordena atualmente a Rede

Europeia de Metrologia Clean Energy, area de

aposta da União Europeia, corn objetivos am-

biciosos para a redução das emissöes 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 renovãveis sejam cada vez mais

uma realidade, devendo a sua contribuiçao

crescer de 23 % (em 2022), para pelo menos

43 % em 2030, 0 que é muitIssimo arnbicioso.

A rede Clean Energytem especial enfoque na

energia fotovoltaica e na energia eólica, e as

atividades de l&D no ãmbito da Metrologia

estão associadas a geração, armazenamento,

conversão e utilização de fontes de energia

renovãveis, eficiéncia de utilização e armaze

namento temporário 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

ãmbito da medição, enfrentados pelas redes

elétricas, considerando a necessidade de urn

fornecimento de energia mais sustentãvel e

abrangendo os seguintes temas: monitoriza

ção de rede e anãlise de dados, qualidade da

energia, subestacOes digitais, transforrnado

res e sensores de instrumentos, ensaios de

alta tensão, eficiéncia e integração de rede.

A nIvel nacional e no âmbito da metrologia

legal, a mobilidade elétrica acolhe também

importância estratégica crescente no senti

do de atingir as metas climãticas definidas,

nomeadamente para a redução das emis

söes de gases corn efeito de estufa e para a

neutralidade carbOnica. Assim, no apoio ao

desenvolvimento da mobilidade elétrica tern

vindo a ser efetuados investimentos nas in-

fraestruturas de carregamento, permitindo a

instalação de equipamentos de carregamen

to de velculos elétricos acessIveis a todos os

consumidores, pelo que se torna importante

regularnentar as condiçöes especIficas a ob

servar no exercIcio do controlo metrológico

legal de tais instrumentos de medição desti

nados a transação cornercial da energia elé

trica associada ao carregamento de velculos

elétricos e estabelecer os requisitos aplicãveis

ãquele controlo, o que é assegurado através

do Regulamento do Controlo MetrolOgico Le

gal dos Equipamentos de Carregamento de

VeIculos Elétricos. No ãmbito da preparacão

de uma infraestrutura técnica metrolôgica

de enquadramento legal para a implementa

ção de estaçöes de carregamento de velculos
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elétricos, salienta-se a participação nacional

no projeto EURAMET LegalEVcharge - LegalE

Vcharge: Practical legal metrology framework

for electric vehicle charging stations, recente

mente concluldo.

Também no que se refere ao uso do gas natu

ral veicular e do hidrogénio, o Regulamento do

Controlo Metrolôgico Legal dos Sistemas de

Medição de CombustIvel Gasoso Comprimido

para Velculos assegura as condiçöes especi

ficas a observar no exercfcio do controlo me-

trolOgico legal dos instrumentos de medição

associados aos sistemas de medição destina

dos ao abastecimento de veculos motoriza

dos, pequenas embarcaçöes e aeronaves com

gas natural comprimido, hidrogénio, biogás,

misturas de gases ou outros combustiveis

gasosos comprimidos.

No dommnio da energia, em particular no do-

mInio elétrico, 0 Comité Consultivo de Eletri

cidade e Magnetismo (CCEM) do BIPM e o co

mite técnico da Eletricidade e Magnetismo da

EURAMET (TC-EM) tern promovido o desen

volvimento das mediçöes elétricas e magnéti

cas através da redefinição e da materialização

das unidades ampere, volt e ohm, através de

padröes baseados em constantes fundamen

tais (capacidades também detidas pelo IPQ),

bem como o desenvolvimento de projetos

estratégicos para a medição de energia elé

trica em redes inteligentes, a caracterização

metrológica do dispositivos de conversão de

energia (e.g. inversores, carregadores de vet

cubs elétricos) e mediçöes 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 metrolOgicas associadas a efi

ciéncia energética, energias renovãveis, hidro

génio verde, a modernização das infraestru

turas elétricas e as redes inteligentes.

/\CUSTICA

No campo da metrologia acüstica, assume

especial relevéncia o rigor e a rastreabilidade

metrolOgica em mediçOes do pressão sonora,

vibração e ultrassons, com especial enfoque

em aplicaçöes biomédicas e ambientais (saci

de ocupacional, controlo ambiental e aplica

cOos industriais).

0 Comité Consultivo do AcOstica, Ultrassons e

VibracOes (CCAUV) e 0 comité técnico da EU-

RAMET tém promovido a digitalizaáo da me-

trologia acOstica, considerando novas abor

dagens para a calibracão de sensores MEMS,

microfones digitais e para a avaliacão do de

sempenho do prOteses auditivas.

0 IPQ, através do seu LaboratOrio de Ace-

leracão e VibracOes, assegura a calibracao
absoluta de acelerOmetros padrão, através

de interferometria laser com detecao homo

dma, assegurando a rastreabilidade nacional

neste dommnio, considerando as capacidades

do medicOo e calibracão registadas na base

de dados do BIPM. No dommnio dos Ensaios

de Vibracao, efetua a realizacão do estudos e

determinacOes de caracterIsticas do equipa

mentos, com capacidade para a realizacão do

simulacOes de condicOes adversas do funcio

namento ou transporte.

A rode estruturada do laboratOrios acredita

dos com competéncia técnica para a calibra

cáo do sonOmetros, microfones, calibradores

acOsticos e analisadores, bem como para a

realizacOo de ensaios acOsticos em campo ou

em laboratório, permite a realizacão do medi

cOes rastreadas nos domInios do ruldo am-

biental, caracterizacão do isolamento acOsti

co, verificacão da conformidade dos limites do

exposicão ao ruldo, entre outros.

No âmbito da metrologia legal, o Regulamen

to do Controlo Metrológico Legal dos SonO

metros assegura quo os instrumentos uti

lizados para medir ou registar as grandezas

caracterIsticas dos nIveis do prossão sonora

no domInio do audIvel, cumprem os requisitos

metrolOgicos e técnicos definidos na respoti

va legislação especIfica.

Como Orea prioritária do invostimento, salien

ta-se a necessidade do oxpansOo das atuais

capacidados para a modicao do ultrassons na

area da biomodicina, a medicao no Ombito das

vibracoes a nIvel industrial o a caracterizacao
acOstica do ambientos urbanos.

EMISSOES GASOSAS

A medicão do omissOes gasosas constitui urn

eixo estratégico na rnitigaçOo das alteracoos
clirnáticas, no cumprimento dos regularnen

tos da qualidade do ar o o cumprimonto das

metas climOticas.

0 Comité Consultivo do Quantidado do Matéria

(CCQM) do BIPM e 0 comité técnico da Metrolo

gia em Qulmica da EURAMET tern coordenado

osforcos para o desonvolvimonto do padrOos

do referOncia para gases do efeito do ostu

fa, compostos orgânicos volãtois o poluen

tos atrnosféricos, para o dosonvolvimonto do

misturas gasosas de roforéncia, rnétodos do

espoctroscopia avancados (como CRDS — Ca-

vity Ring-Down Spoctroscopy o FTIR — Fourier

Transform Infrared Spectroscopy), born corno

0 desonvolvimento de micro sensores auto-

calibráveis. Em particular no dommnio da me-

trologia ciontIfica, as atividados do I&D tern

corno foco o desenvolvirnento do métodos do

rnedicao no âmbito do C02, CH4 o NO2 em soto

res industriais e em rnonitorizacao arnbiontal,

apoiando o Pacto EcolOgico Europeu o a logis

lacao cornunitária sobro ar limpo.

0 Laboratório do Gases de ReferOncia e o La-

boratOrio do Analisadoros do Gases do IPQ é

rosponsávol pela producao, manutencao e

desenvolvirnonto dos padrOes primários na

cionais do rnisturas gasosas, born corno polo

desonvolvirnento 0 irnplemontacão do novos

mOtodos o capacidados de modicao, o pela ca

libracao do diversas tipologias do analisado

ros do gases arnbiontais e poluentos.

Nesto domInio, os investirnentos futuros do-

vorn privilegiar a rastroabilidade do sonsoros

do baixo custo, o desonvolvimonto do sisto

mas mOveis do rnedicOo e a incorporacao do

modolos preditivos, suportados por machine

learning, para a quantificação do incertezas

do rnodicao em tempo real.

MATERIAS-PRIMAS CRITICAS

Por outro lado, a rnodicao rigorosa do olernen

tos crIticos como o lftio, cobalto, terras raras ou

platina e essencial para garantir a rastreabili

dade e a sustentabilidade das cadoias do valor

do tocnologias ornorgentos, incluindo os do-

senvolvirnontos tecnolOgicos associados aos

somicondutores, Os baterias, aos painOis so-

laros o para a producao do turbinas o compo

nentos no ârnbito da enorgia eOlica. A Motrolo
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gia desemPenha também urn papel crucial na

: caraCterjzacao exata da cornposição quirnica e

das propriedades fIsico-quIrnicas destas rna—

tériaS, garantindo a rastreabilidade e a corn pa-

rabilidade destas rnediçöes, bern corno a quail-

dade dos respetivos dados anailticos.

A nIvei nacional, existe cornpeténcia técnica

reie’iante que perrnite assegurar o rnapea

rnento geolOgico (face as reservas de ittlo

e minériOs rnetãiicos) e a caracterização de

depOsitos garantindo as capacidades iabo

ratorlais de anáiise destas rnatérias-prirnas

crIticas, ern infraestruturas para a caiibração

anaiItica avançada, atividades estas que são

integradas ern projetos europeus rnuitidisci

pilnares, corn enfoque ern rnateriais de refe

rência certificados e contarninação arnbientai.

No entanto, torna-se ainda reievante consi

derar urn rnaior desenvoivirnento de rnétodos

e técnicas anailticas (tais corno a espectro

rnetria de rnassa ou a fiuorescência de raios

X), nos dornmnios da quIrnica anailtica, geo

cincias, arnbiente e saiide, quer na anãiise de

eiernentos e de rnateriais, quer para a produ

ção e a certificação de rnateriais de referncia,

bern corno reforçar a capacidade rnetroiOgica

nacionai nestes dornInios e a sua integracão

ern redes europeias de referenda.

A criação de bancos de rnateriais de referen

cia nacionais, corn certificação rnetroiOgica,

e urn passo critico para reforçar a soberania

cientIfica e industrial, iniciativas estas que

assurnern crescente reievãncia geopoiltica

e arnbientai nos nossos dias, a par de urna

rnaior recuperação e vaiorização de rnatérias

crIticas, contribuindo e estirnuiando a recicia

gern, a circuiaridade de rnateriais e urna rnaior

sustentablildade.

coNsiDERAçöEs FINAlS

Portugal dispOe do capacidades reievan

tes ern diversas areas da rnetroiogia, rnas a

consoiidação de urna infraestrutura de rne

troiogia fundarnentai rnoderna exige inves

tirnento estruturado, forrnação avançada e

cooperação internacional. As areas identifica

das — radiaçOes ionizantes, energia, acUstica,

ernissöes gasosas e rnatérias-prirnas crIticas
— representarn dornTnios de eievado irnpacto

socioeconórnico e cientIfico. A sua integração

corn tecnoiogias digitais e prãticas susten

tãveis é irnperativa para garantir a resposta

rnetroiógica aos desafios do futuro, reforçar

a sua autonornia estratégica, curnprir corn as

exigéncias reguiatórias e contribuir ativarnen

te para as agendas europeia e global da sus

tentabiiidade, transição energética e segu ran-

ça tecnoiOgica.

0 ruido como ameaça silenciosa
A poiuiçao sonora não é apenas incórnoda — é urna arneaça séria a saüde
pübiica. A exposição crónica a nIveis eievados de ruldo está associada a
distrbios do sono, doenças cardiovascuiares, perda de audição e irnpacto
negativo no desenvoivirnento cognitivo das crianças.

Estratégia para o Ruldo
Urna das novidades rnais reievantes da estratégia é a centraiizaçao e aces-
sibiiidade pübiica dos dados acüsticos. Pretende-se que a inforrnação sobre
ruIdo esteja disponIvei de forrna simpies e intuitiva, corn recurso a esquernas
de cores serneihantes aos rótuios nutricionais. Esta rnedida visa capaditar os
cidadãos a cornpreenderem rneihor os niveis de ruldo a que estão expos
tos no seu quotidiano, promovendo urna cidadania arnbientai rnais ativa e
inforrnada.

0 quadro legal e o papel do IEP
0 Reguiarnento Geral do RuIdo (PCR) continua a ser o principal instrurnen
to norrnativo que enquadra a prevençäo e controlo da poluiçao sonora ern
Portugal. Neste contexto, o papel do Estado e das autarquias é fundarnental
para garantir a rnitigaçäo efetiva dos irnpactos, através da monitorização
continua e da partliha de dados corn a APA.
0 Laboratório de Acüstica e Vibraçoes do IEP surge corno uma referên
cia técnica neste dornInio. 0 iaboratório presta serviços especializados
ern avaiiaçao arnbiental, controlo de ruldo laboral e acüstica de edifIcios.
Urn exemplo concreto é o Mapa Estratégico de Ruldo do MunicIpio de
Matosinhos, desenvolvido pelo IEP, que serve de instrurnento essencial
para a gestão do ruIdo urbano e para a definiçao de poilticas pübiicas ba
seadas ern evidëncia técnica.

0 papel dos municIpios
A Estratégia Nacional para o RuIdo Ambiente 2025-2030 aponta a respons
abilidade dos rnunidIpios na eiaboraçao de Mapas de Ruido detaihados, que
incluarn zonas sensIveis corno escolas, hospitals e areas residenclais.

Perspetivas futuras
A Estratégia Nacional para o Ruldo Arnbiente 2025-2030 representa urna
oportunidade histórica para corrigir décadas de negiigëncia no tratarnento
do ruido enquanto probierna arnbientai. Contudo, o seu sucesso dependerá
da vontade poiltica, do cornpromisso dos rnuniclpios e da participaçao ativa
da sociedade civil. Corn esta nova abordagern, Portugal dá finairnente
sinais de querer colocar o silénclo — ou, pelo rnenos, urn ruIdo rnais
saudàvel — no centro das suas polIticas de qualidade de vida.
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Resumo
A FIsica Quântica tern desernpenhado urn papel central na
evoluçao da Metrologia CientIfica, sustentando a definicão mo
derna do Sistema Internacional de Unidades ern constantes
fundarnentais da natureza. 0 presente artigo aborda as apli
cacOes atuais e as perspetivas de desenvolvirnento futuras
no dornInio da Metrologia Quântica, corn ênfase nos padrOes
quânticos e nas tecnologias ernergentes, corno a fotOnica, a
eletrónica, os relOgios Opticos e Os sensores de elevada exati
dão, considerando as irnplicacOes societais destas inovaçOes.
Releva 0 papel do IPQ, enquanto Instituiçao Nacional de Me-
trologia, e o seu contributo para assegurar rnedicOes fiáveis,
rastreáveis e cornparáveis a nIvel internacional, enquanto urn
pilar de soberania, inovação e cornpetitividade.

Palavras-chave: FIsica Quântica, Metrologia, Sisterna Interna
cional de Unidades, PadrOes Quânticos, Tecnologias Quânti
cas, P0.

lntrodução
A Metrologia, ciência da rnediçao e das suas aplicaçOes, tern
acornpanhado de forrna intrInseca os avanços cientIficos e
tecnologicos. A revoluçao quântica, iniciada no inIcio do sé
cub XX, abriu novas perspetivas que cuirninararn, ern 2018
[1], na redefiniçao do Sisterna Internacional de Unidades (SI),
constituindo urn rnarco histOrico na Metrologia, ancorando as
unidades ern constantes fundarnentais da natureza em vez de
artefactos materials. Estas redefiniçOes, que marcararn urna
rnudança de paradigrna (forrnulacao de “constante expilcita”
em vez de “unidade expilcita”), permitem separar a definiçao
da realizaçao das unidades, utilizando equaçöes da fIsica e
abrindo carninho para rnétodos de medição inovadores corn
exatidão potencialmente ilirnitada, estabelecendo urn “SI quân
tico” , representarn urn rnarco, consolidando padrOes univer
sais e imutáveis, independentes de artefactos rnateriais.

Esta transforrnaçao é indissociável dos avanços da FIsica
Quântica ao longo do século XX e inIcio do século XXI, que
perrnitirarn traduzir conceitos teOricos em padrOes universais e
invariáveis. 0 ponto de partida pode ser identificado em 1900,
quando Max Planck introduziu a quantização da energia ao
descrever a radiacao do corpo negro. A constante que leva o
seu nome tornou-se, mais de urn século depois, a base da de
finiçao do kilograrna através da balança de Kibble [2]. Poucos
anos mais tarde, Albert Einstein consolidaria a fIsica quântica
emergente ao explicar o efeito fotoelétrico (1 905), introduzindo
0 conceito de fotão, e ao formular a teoria da relatividade restri
ta, cujas correcOes são hoje indispensáveis ao funcionamento
de relOgios atómicos e sisternas de navegação.

0 rnodelo atómico de Niels Bohr (1 91 3), ao introduzir nIveis
de energia discretos, abriu caminho para a utilização de tran
siçOes eletrOnicas como padröes para a rnedição do tempo.
Este princIpio é a base da definição atual do segundo, susten
tada pelas transiçOes hiperlinas do átomo de césio-1 33 e, mais
recentemente, pelos relOgios ópticos, por exemplo de estrOn
cio, itérbio ou cálcio. Paralelarnente, os contributos de Werner
Heisenberg, com o princIpio da incerteza, e de Erwin Schrödin
ger, corn a sua equação de onda, permitiram o enquadramen
to teOrico que ainda hoje sustenta a modelação dos sistemas
atOrnicos utilizados em Metrologia.

A contribuição de Paul Dirac foi igualmente determinante, corn
a formulação da equação relativIstica do eletrão e a fundamen
tação da quantização da carga elétrica, que permitiram conso
lidar a atual definição do ampere corn base na carga elernentar.
Na segunda rnetade do século XX, ernergiram dois contribu
tos experimentais de grande irnpacto: o Efeito Josephson (EJ),
descoberto por Brian Josephson, em 1962, que viabilizou a
utilização de padrOes quânticos de tensão elétrica, e o Efeito
de Hall Quântico (EHO), descoberto por Klaus von Klitzing, em
1 980, que estabeleceu urn padrão universal de resistência elé
trica através da constante de von Klitzing. Estas descobertas,
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reconhecidas corn o Prémlo Nobel da FIsica, possibilitararn a

materialiZacão destas duas grandezas elétricas através de pa-

dröes rastreáveis e invariáveis, dependentes apenas da cons-

tante de Planck e da carga elementar.

Finalmente, 0 trabalho de Bryan Kibble foi decisivo para a re

definição do kilograrna. A sua invenção da balança de Kibble

(anteriormente designada por balança de Watt) perrnitiu rela

cionar diretarnente a constante de Planck corn a unidade de

massa, tendo esta realizaçao experirnental perrnitido substituir

a dependência de urn protOtipo rnaterial de platina iridiada, o

protOtipo internacional do kilograrna, guardado no Bureau In-

ternacional dos Pesos e Medidas (BIPM), ern Sèvres.

A culrninar este percurso, ern 201 9, o SI passou a basear as

suas unidades de base (kilograrna, rnetro, segundo, arnpere,
kelvin, rnole e candela) em constantes fundarnentais da natu
reza, tais corno a constante de Planck (h), a velocidade de Iuz

no vazio (C), a carga elementar (e), a constante de Boltzrnann
(k) e a constante de Avogadro (NA), tal corno indicado na Tabela

seguinte, em vez de artefactos materiais, propriedades de ma-

teriais ou descriçöes de mediçoes.

Assim, 0 legado de rnais de urn século de investigação quânti
ca traduz-se hoje em rnediçOes universais, robustas e susten

táveis, que constituern 0 pilar da ciência e da inovaçäo tecno

Iógica contemporânea. Os desenvolvimentos da ciência e das

tecnologias, em particular no domInio da fIsica quântica, tern

permitido a realizacao prática destas unidades, conseguindo

alcancar nIveis de exatidão, lirnitada apenas pela estrutura

quântica da natureza e pelas capacidades técnicas, e não pe

as definiçOes propriarnente ditas.

0 desenvolvirnento de novos sisternas de rnedicão, baseados

em padrOes quânticos e utilizando supercondutores, semi-

condutores, arnostras de grafeno, entre outros sensores de

elevada exatidão, exigern métodos validados e rnediçOes ras

treáveis e cornparáveis, pelo que a Metrologia Quântica não

e apenas urn suporte, mas tarnbérn urn rnotor de inovaçao

técnico-cientIfica. Atualrnente, o desenvolvirnento da Metrolo

gia CientIfica está intimamente ligado as tecnologias quânticas
ernergentes, corn irnplicaçOes em setores estratégicos corno

telecornunicaçOes, defesa, saüde, segurança, energia, indüs

tria e cornércio internacional.

Padröes Quânticos no Sistema Internacional de Unidades

PadrOes de tempo e frequência
As escalas de tempo formarn a base da sociedade moderna,

perrnitindo tecnologias como o GNSS (Global Navigation Sa
telilte System), radiowave interferometer arrays , sincronizacäo

de redes em telecomunicaçOes e sisternas de energia elétri

ca. Atualmente, existem 3 rnétodos prirnários para medicao

do tempo: Tempo Universal (UT), baseado no movimento de

rotaçäo da Terra; Tempo Efernéride (ET), baseado na órbita

da Terra a volta do Sol; e Tempo AtOrnico (AT), baseado nos

efeitos quânticos dos átornos. 0 Tempo AtOrnico Internacional

(TAI) é urna escala de tempo uniforme, mantida pelo BIPM e

baseada na transiçäo atOmica do átomo de Cs, de acordo corn

a definicao do segundo do SI. A base de tempo civil, o Tern-

0 Universal Coordenado (UTC), é urna escala atórnica corn

a rnesrna taxa do TAI mas que se mantérn em concordância

corn o UT em menos de 0,9 s. Desde a primeira observaçao da

transição hiperfina do átomo de Cs-i 33, na década de 50 do

século XX, que se especulou que os relOgios atómicos podiam

superar todas as referencias temporais existentes. A exatidäo

da referéncia atOmica levou em 1 967 a redefinição do segundo

do SI, que se tornou a prirneira unidade a ter corno base da

sua definicao urn princIpio da natureza em vez de urn artefacto

fIsico. 0 desenvolvimento dos relOgios de Cs atingiu o seu pico

corn urna estabilidade na ordern dos 1 Q16• Atualmente, este é

0 lirnite que se consegue obter utilizando a atual definicao do

segundo e a comunidade cientIfica considera pouco realista

conseguir melhorar este valor.

Nos Ultimos vinte anos, os avanços alcançados nos padrOes

de frequència Optica revelararn nIveis de estabilidade e exati

dão que ultrapassam, em pelo menos duas ordens de gran

deza (1 Q18), os dos atuais padrOes de tempo baseados em

micro-ondas. Esta evoluçao tecnolOgica levou a comunidade

internacional de tempo e frequéncia a considerar a futura rede

finiçao do segundo do SI, tendo por base padrOes de frequen

cia Optica, que oferecern urn desempenho significativarnente

superior. Corn esse objetivo, o BIPM elaborou urn roadmap
para orientar o processo de redefinicao do segundo. Esse pla
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no estabelece critérios, indicadores e marcos de progresso
destinados a avaliar a maturidade tecnológica e cientIfta dos
diferentes candidatos a padröes Opticos. 0 Comté Internatlo
nal de Pesos e Medidas (CIPM) pretende, na 28.a Conferência
Geral de Pesos e Medidas (CGPM), a realizar em outubro de
2026, analisar propostas e identificar os meihores elementos
atOmicos a utilizar na construção dos relOgios ópticos — tais
como 0 estrOncio (Sr), o alumInio (Al) ou o Itrio (Yb). A adoçao
oficial da nova definicao do segundo SI está prevista para a
29.a CGPM, em 2035, quando se espera que a comunidade
cientIfica disponha de consenso técnico e comprovação expe
rimental suficiente para garantir uma transição segura, estável
e universalmente rastreável para os novos padrOes Oticos de
tempo e frequência.

Padrães das grandezas elétricas
Na realização prática das unidades de medida das grandezas
elétricas [3] através de métodos primários, os efeitos quânticos
de Josephson e de Hall têm sido utilizados ha décadas para a
realização do volt e ohm, respetivamente.

0 volt (V) e realizado utilizando o valor da constante Josephson,
K = 2e/h = 483 597,848 41 6 984 GHz V1 . Os sistemas experi
mentais atuais (PJVS — Programmable Josephson Voltage Sys
tem) que materializam este efeito utilizam arrays de milhares de
juncOes (de materiais supercondutores, e.g. NbSi) (Figura 1),
programadas para associar em série essas junçöes e gerarem
valores de tensão entre 0 V e 1 0 V, corn urna resolucao de 1/
K, sendo f a trequência das micro-ondas (de alguns gigahertz)
que irradiam essas junçOes, subrnetidas a temperaturas de al
guns kelvins para assegurar a sua supercondutividade.

0 ohm (Q) é realizado utilizando o valor da constante de von
Klitzing, RK h/e2 = 25 81 2,807 459 3045 Q. Os sistemas
experirnentais que materializarn este efeito submetem juncOes
de heteroestruturas de materias semicondutores (e.g. GaAs!
AIGaAs) (Figura 1), a temperaturas prOximas de 1 kelvin e a
carnpos rnagnéticos elevados (dezenas de tesla) transversais
a direção da corrente que percorre a arnostra, possibilitando
assirn a observacao de valores quantizados de resistência R =

R/n, onde n é urn nümero inteiro.

Comparaçoes entre estes sistemas dernonstrarn a possibilida
de de obter incertezas relativas na ordem de algurnas panes
em 1 O nos valores gerados.

Através da Iei de Ohm, é possIvel realizar a unidade de corrente
elétrica, 0 ampere (A), corn base na relaçao A = V! Q, através
do EHQ e do EJ. Paralelamente, o ampere pode também ser
realizado de forma direta através de dispositivos que imple
rnentarn 0 princIpio de single electron transport, corn base na
relaçao A = 0/5, no valor da carga elernentar (e) fixada na defi
nicao do ampere e na realização prática da unidade de tempo
segundo. Estes dispositivos recorrern a nanoestruturas conce
bidas para controlar a passagern individual de eletröes entre
contactos rnetálicos, e ao efeito quantum tunneling para per-
mitir a passagern de cargas através de barreiras de potencial
em sernicondutores. No entanto, esta realizaçäo do ampere
apresenta ainda nIveis de incerteza superiores aos obtidos in-
diretamente, através da Lei de Ohm e dos efeitos quânticos de
Josephson e Hall.

Tecnologias Quânticas em Desenvolvimento na Metrologia
Relógios quânticos
Os relógios atOrnicos de ültirna geração (Figura 2), baseados
em transiçoes Opticas, atingern estabilidades ternporais da or-
dern de 1 Q-18, o que representa urn avanço sern precedentes
na rnedicao do tempo. Este nIvel de desempenho tern irnpacto
direto em rnültiplos dommnios tecnolOgicos, nomeadarnente nas
redes de cornunicação, sistemas de navegação e posiciona
mento global e nas rnissOes de exploraçäo espacial. Estes re
lógios utilizarn transicOes atOrnicas em frequências superiores
as das frequências emitidas pelos átornos de césio, permitindo
subdividir 0 segundo com uma exatidão superior em rnais de
2 ordens de grandeza face aos relOgios de césio, atualmente
em uso como referência do SI. Embora os relOgios cornerciais
utilizados nos satélites do sisterna GNSS já incorporern os efei
tos da relatividade, a exatidão e a estabilidade de urn relOgio
Optico permite detetar variaçOes de altitude da ordern de 1 cm,
dernonstrando o seu potencial em geodesia relativIstica. Entre
as suas aplicaçOes rnais promissoras destacam-se:

a) b)

Figura 1 : a) Amostra de Hall, corn ligacOes ao longo da heteroestrutura sernicondutora (©IPQJ. b) Array de tensão Josephson corn rnilhares de juncOes
supercondutor-isolador-supercondutor (©Supracon)
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- a medição do potencial gravItico da Terra, contribuindo para
urn mapeamento geodésico de precisão sem precedentes;
- a criação de redes de relOgios Oticos interligados por fibras
Opticas, capazes de detetar variaçôes sIsmicas e antecipar
terramotos;
- e a rnonitorizaçao de variaçöes em constantes fundamen
tais da natureza, o que poderá fornecer indIcios de uma nova
fIsica, ajudando a compreender a matéria escura e a energia
escura (projeto europeu QSNET).

PadrOes quânticos de resistência elétrica
Atualmente estão a ser estudados sistemas experimentais ba
seados no “efeito quântico de Hall anOmalo”, como alternativa
ao efeito de Hall clássico, corn a vantagem destes sistemas
funcionarem sem a necessidade de campo magnético [4]. Es-
tes sistemas baseiam-se em materiais isoladores topológicos
(e.g. Bi2Se3 e Bi2Te3) dopados corn átomos magnéticos os
quais permitem que surjam efeitos quânticos exóticos.

Outros sensores quânticos como o caso de memristores que
podem gerar valores discretos mültiplos da condutância fun-
damental, a temperatura ambiente, e corn a possibilidade de
serem incorporados em circuitos integrados, estäo a ser estu
dados corn vista a sua utilização corno padrOes intrInsecos de
resistência elétrica. A integração destes padrOes na eletrOnica
dos instrurnentos de medição, constituindo a sua referência
metrológica, permitirá suportar processos de auto calibraçäo
e auto ajuste, corn rastreabilidade direta ao SI, materializando
0 conceito de “NMI on chip” (National Metrology Institute on a
chip) e elirninando a necessidade de longas cadeias de cali
bração, permitindo implementar “servicos metrolOgicos direta
rnente em microchips” [5].

Optica quântica
A Optica quântica constitui atualmente urn dos dornInios mais
ativos e inovadores dafIsicafundarnental e da fIsica aplicada [6].
0 estudo dos estados quânticos da Iuz, incluindo a sua repre
sentação, caracterizacão, coerência quântica e não separabili
dade (ernaranharnento) é urna das areas de investigaçäo rnais
desenvolvidas, conduzindo naturalmente a criação de fontes
monofotónicas, urn dos instrurnentos essenciais da Optica
quântica rnoderna. Outro carnpo de grande relevância é o da
cornunicação quantica, que explora sisternas Oticos e rnétodos
avançados para teletransporte quântico, mernórias quânticas

e criptografia quântica, nomeadarnente através da distribuição
quântica de chaves (QKD — Quantum Key Distribution). Estes
avanços possibilitam sistemas de cornunicação intrinsecamen
te seguros, baseados em princIpios fundamentais da mecãnica
quântica.

A produção quântica de irnagens constitui igualrnente uma
area ernergente, corn aplicaçoes potenciais em metrologia de
precisão, biotecnologia e deteçao rernota, entre outras. Para
lelamente, tern-se verificado urn crescirnento significativo no
desenvolvirnento de técnicas e dispositivos para metrologia
ótica quântica e sensores baseados em coerência Otica quân
tica, corn irnpacto direto na medição de grandezas fIsicas corn
incertezas extrernamente reduzidas.

Na radiometria quântica, lidando-se corn fluxos fotOnicos ex
trernarnente baixos — da ordern de 1 Q6 fotOes por segundo
— recorrern-se a técnicas de contagern de fotOes e a fontes
rnonofotOnicas [7].

Estas fontes são essenciais para a calibração de detetores
rnonofotOnicos, atualrnente já tecnologicamente maduros e
disponIveis cornercialrnente, corno o dIodo de avalanche rno
nofotónico (SPAD), o sensor de bordo de transição (TES) e o
detetor rnonofotOnico de nanofio supercondutor (SNSPD), am-
plarnente utilizados nas aplicaçOes referidas anteriorrnente.
A fotOnica quântica desempenha assirn urn papel central no
desenvolvirnento de padrOes Opticos de frequência e de sis
temas de cornunicação invioláveis, sustentando o avanço da
Metrologia Quântica e da infraestrutura cientIfica europeia. As
fontes monofotOnicas são, por isso, objeto de vários projetos
de investigação colaborativos que envolvern Institutos Nacio
nais de Metrologia, centros de investigação e universidades
europeias [8].

Na mise en pratique para a realização da candela [3], é já expli
citarnente referida a possibilidade de utilizacão de fontes rno
nofotOnicas, 0 que permitirá, no futuro, exprirnir as grandezas
fotornétricas e radiornétricas em função do nümero de fotOes,
reforçando a rastreabilidade quântica das rnediçOes de luz.

Implicaçoes Societais
Os desenvolvimentos em Metrologia Quântica tern efeitos dire-
tos em areas crIticas da sociedade, tais corno:

- economia digital: comunicaçOes seguras baseadas em
criptografia quântica.
- saüde: técnicas de diagnóstico por irnagem e sensores bio
medicos de alta resolucão.
- energia e arnbiente: rnonitorização precisa de gases, cam-
pos e fluxos energéticos.
- indüstria: padrOes rastreáveis que suportam qualidade, mo-
vacão e cornércio internacional.

A confiança nas rnediçoes e a rastreabilidade universal são ele
rnentos centrais para a segurança e para a tornada de decisão
baseada em dados. Enquanto lnstituicão Nacional de Metrolo
gia, o P0 desernpenha urn papel essencial na implernentação
e no desenvolvirnento dos padröes nacionais das unidades de
medida, assegurando o rigor e a exatidão das rnediçOes reali
zadas, bern corno a sua comparabilidade e rastreabilidade ao

Figura 2: Relógio óptico de Sr, JILA.
(©The Ye group and Brad Baxley, JILA)
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n
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n
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9
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e
p
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s
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n

te
d
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c
h
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n

g
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f 
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a
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r 
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g
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p
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n
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 p
e
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c
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v
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h
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 m
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n
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q
u
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 S
I 

b
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n
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s
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n
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f 

n
a
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d
e
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n
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 b
y
 f
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u
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a
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e
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a
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n
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x
p

e
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m
e
n
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a
b
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o
 c

o
rr

e
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e
a

s
u
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b
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 p

h
y
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a
l 
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u

a
n
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ti

e
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 t
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 o
n

e
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r 
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e
t 
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n
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e
n

ta
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c
o

n
s
ta

n
ts

 
fi

x
e
d
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e
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I 
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o
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e
s
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d
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e
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a
li

z
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n

 
o
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th

e
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o

rr
e
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d
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 S
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u
n

it
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o
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e
l 

d
e

v
ic
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 w

o
rk
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c
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h
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 p
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p
h

y
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ic

s
 c
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a
b
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h
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b
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b
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re
n
c
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y
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m
s
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a
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g
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a

l
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N
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h

ip
»
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•
N

e
w
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ri
z
o

n
s
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e
le
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tr

ic
a
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m

e
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lo
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y
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e
ff
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h
e
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o

s
e

p
h
s
o
n

 e
ff
e
c
t 

a
n

d
 s

in
g
le

-e
le

c
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o
n
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ra

n
s
p

o
rt
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ff
e
c
ts

 h
a

v
e

 

b
e
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n

 
w
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e
x
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c
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c
a
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liz
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o
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s
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n
c
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v
o
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a
g

e
, 

a
n

d
 
c
u

rr
e
n
t 

e
le

c
tr

ic
a

l 
u
n

it
s
, 

re
s
p

e
c
ti
v
e

ly
. 

H
o
w

e
v
e
r,
 

th
e
y
 

re
q
u

ir
e
s
 

la
rg

e
 

s
iz

e
 

a
n

d
 

c
o

m
p

le
x
 

e
x

p
e

ri
m

e
n

ts
, 

o
p

e
ra

ti
n
g

 
a

t 
c
ry

o
g
e

n
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m
p
e
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tu

re
s
, 

v
a
c
u
u

m
 

c
o
n
d
it
io

n
s
, 

a
n

d
/o

r 
th

e
 

p
re

s
e
n
c
e
 

o
f 

h
ig

h
 

m
a
g

n
e

ti
c
 

fi
e
ld

s
, 

lim
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in

g
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e
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a
c
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u
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n
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 m
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o
n
s
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y
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b
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d

u
c
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c
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p
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 m
e
a
s
u

ri
n
g

 s
ta

n
d
a
rd

 
c
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b
y
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n
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n
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n
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l 

p
a
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, 
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d
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a
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o
n
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o

s
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o
n
g
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n

a
v
a
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b
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e
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o
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s
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f 
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e
 m

e
a

s
u
re

m
e
n
t 

e
q

u
ip

m
e
n

t 
a

n
d
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 l
o
t 

o
f 
e
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o
rt

 i
n
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h
e
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a
n

a
g

e
m

e
n
t 
o

f 
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e
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a
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o
n

 p
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c
e
s
s
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•
M

e
m
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s
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v

e
d
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v
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e
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ri
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d
e

v
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n
e
x
h
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o

n
d

u
c
ta

n
c
e

le
v
e
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a
t

a
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m
u
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o

f
th

e
fu

n
d

a
m

e
n

ta
l

q
u

a
n

tu
m

o
f

c
o

n
d

u
c
ta

n
c
e
𝐺
0
 i

n
a
ir
,

e
n

a
b

lin
g

th
e

re
a
liz

a
ti
o
n

o
f

a
n

in
tr

in
s
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s
ta

n
d
a
rd

o
f

re
s
is

ta
n
c
e

s
c
a
la

b
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to
th

e
n
a

n
o

m
e
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r
s
c
a
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a
n

d
c
o
m

p
a

ti
b
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w
it
h

C
M

O
S

te
c
h

n
o

lo
g

y
th

a
t

c
a

n
w

o
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a
t
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o
m
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m

p
e
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tu

re
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in

a
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w
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h
o
u

th
a
p

p
ly

in
g

a
m

a
g

n
e

ti
c

fi
e
ld
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].

W
o

rk
in

g
 p
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n

c
ip
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T
h

e
m

e
m

ri
s
ti
v
e

m
e

c
h

a
n
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m
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s
o

n
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s
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v
e

s
w
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c
h
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g

e
ff
e

c
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o
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e
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a

l
m

e
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u
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m
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n
a
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o
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c
a
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d

e
v
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e
s
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h
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e
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e
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o

n
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o
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n
d

u
c
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v
e
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m
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d
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e
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o

e
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c
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o
d

e
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d
u
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n

g
S

E
T
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S
E
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o
p
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o

n
s
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d
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v
e

n
b

y
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e
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e

ld
.

E
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a
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h
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c
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c
a
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t
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e
m

ri
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e
v
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s
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r
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u
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2
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0
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o
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p
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m
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s
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f
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s
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n
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e
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T

h
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 M
E

M
Q

u
D
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n
s
o
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m
, 
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n
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, 
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o
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 t
e

m
p

e
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tu
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a
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m

 r
e

s
is

ta
n
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z
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c
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S
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s
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n
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p
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p
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n
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2

0
2

5
).
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b
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b
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b
ili

ty
 

h
a
s

b
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d
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a
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e
s
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s
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v
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