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Preface

Industrial metrology is undergoing a profound transformation driven by advances in digital
manufacturing, intelligent sensing, artificial intelligence, and increasingly stringent requirements for
traceability and measurement uncertainty. As manufacturing systems become more autonomous
and interconnected, reliable measurements are no longer limited to quality assurance but have
become an essential component of process optimization, predictive maintenance, sustainability,
and regulatory compliance. Consequently, applied industrial metrology continues to evolve
by integrating innovative measurement techniques with rigorous uncertainty evaluation and
internationally recognized standards.

The idea for this Special Issue, “Applied Industrial Metrology: Methods, Uncertainties, and
Challenges”, originated from my ongoing interest in uncertainty estimation and from my experience
as an Associate Editor of Metrology and from coordinating previous Special Issues in Micromachines.
It was conceived as a forum bringing together recent advances in applied industrial metrology while
emphasizing traceability, measurement uncertainty, comparability, advanced sensing, digitalization,
and standardization.

I sincerely thank the Editorial Board and Editorial Office of Metrology for their continuous
institutional and logistical support, as well as all participating authors and their institutions for
their valuable contributions. Special appreciation is extended to the peer reviewers, whose careful
evaluations and constructive comments were essential to ensuring the scientific quality of this
collection.

By bringing together complementary contributions within Metrology, this Special Issue
highlights how metrology is evolving toward integrated, intelligent, and increasingly data-driven
measurement systems supporting advanced manufacturing, Industry 4.0, sustainability, and

international confidence in measurement results.

Patrice Salzenstein
Guest Editor
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Editorial
Closing Editorial: Applied Industrial Metrology: Methods,
Uncertainties, and Challenges

Patrice Salzenstein

Centre National de la Recherche Scientifique (CNRS), Franche-Comté Electronique Optique Sciences et
Technologies (FEMTO-ST) Institute, Université Marie et Louis Pasteur (UMLP), 15B Avenue des Montboucons,
F-25030 Besangon, France; patrice.salzenstein@cnrs.fr

Abstract

This closing editorial summarizes and introduces the Special Issue, Applied Industrial
Metrology: Methods, Uncertainties, and Challenges, highlighting recent advances in trace-
ability, uncertainty evaluation, intelligent metrology, sensor technologies, flow measure-
ment, and standardization. The collected contributions demonstrate how digitalization,
artificial intelligence, and advanced sensing are transforming industrial measurement
while reinforcing the enduring importance of measurement traceability, comparability, and
uncertainty for reliable, sustainable industrial applications.

1. Introduction

Metrology provides the foundation for confidence in measurements, enabling scientific
discovery, industrial innovation, international trade, and regulatory compliance. While
the International System of Units (SI) ensures worldwide consistency and is based on
international comparisons [1], industrial metrology [2-5] extends these principles into
practical environments where measurement systems must operate under constraints related
to cost, speed, robustness, traceability, and uncertainty [6]. As manufacturing technologies
become increasingly digitalized and autonomous, the demand for reliable, traceable, and
intelligent measurement solutions continues to grow.

The Special Issue, Applied Industrial Metrology: Methods, Uncertainties, and Chal-
lenges, was conceived to provide a forum for researchers and practitioners working at the
interface between fundamental metrology and industrial applications. The objective was to
highlight recent advances in measurement methods, uncertainty evaluation, calibration,
traceability, sensor development, and data-driven metrology across diverse industrial sec-
tors. This Special Issue presents nine high-quality contributions originating from different
countries and covering a broad spectrum of industrial metrology topics. Together, these arti-
cles illustrate the diversity of modern measurement science, ranging from dimensional and
optical metrology to flow metering, dielectric characterization, acoustic sensing, machine
learning, and the standardization of emerging materials.

2. Overview of Published Articles

Although addressing different application domains, the contributions naturally clus-
ter around several complementary themes that characterize current developments in
industrial metrology.

Metrology 2026, 6, 49 https://doi.org/10.3390 /metrology6030049
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2.1. Traceability, Standardization, and Measurement Comparability and Intercomparison

Reliable measurements depend not only on accurate instruments but also on inter-
nationally recognized traceability chains and harmonized measurement procedures [7,8].
The review article on international comparisons published at the beginning of this Special
Issue highlights the fundamental role of the CIPM Mutual Recognition Arrangement in
ensuring worldwide confidence in measurement capabilities. It emphasizes how interna-
tional comparisons establish equivalence among national metrology institutes and support
global trade, regulation, and scientific collaboration. Complementing this perspective,
Ono proposes a novel framework for the dual-mode standardization of emerging material
specifications. Rather than focusing solely on technical standards, the work integrates
measurement-based information with market-oriented decision-making, illustrating how
metrology can facilitate the industrial adoption of innovative materials while preserving
comparability and reliability. This contribution demonstrates that standardization and
traceability remain essential pillars for transferring measurement confidence from laborato-
ries to industrial applications. Cetinkaya et al. present an interlaboratory comparison of RF
power measurements using automatic measurement software across European metrology
laboratories. Measurements at multiple frequencies and power levels were evaluated using
GUM and Monte Carlo uncertainty methods. Results showed strong agreement, validating
the software’s reliability and suitability for accurate, consistent RF power comparisons.

2.2. Measurement Uncertainty and Industrial Verification

Quantifying measurement uncertainty remains one of the defining characteristics of
modern metrology. Industrial users increasingly require uncertainty budgets that realis-
tically reflect measurement conditions while remaining practical for routine inspection.
This challenge is illustrated by the investigation of uncertainty associated with coordinate
measuring machines (CMMs) and optical 3D scanning for centrifugal rotor inspection. By
comparing tactile and optical approaches, the authors demonstrate how complementary
measurement technologies can be evaluated within a common uncertainty framework,
allowing informed decisions according to the functional requirements of complex indus-
trial components. The emphasis on uncertainty evaluation reflects an important trend in
industrial metrology: moving beyond measurement accuracy alone toward comprehensive
confidence assessment.

2.3. Intelligent Metrology and Artificial Intelligence

Artificial intelligence is rapidly transforming industrial measurement systems by
improving feature extraction, prediction, and process optimization. Two contributions
exemplify this evolution. One article presents a flexible wheel alignment measurement
method combining semantic segmentation based on APCS-SwinUnet with point-cloud
registration to achieve low-cost three-dimensional measurements suitable for automotive
applications. Another investigates the prediction of deposited bead geometry in wire-arc
additive manufacturing using artificial neural networks and support vector machines [9].
Accurate prediction of deposited geometry contributes to improved process control, re-
duced waste, and enhanced manufacturing quality. These studies demonstrate how ma-
chine learning is becoming an integral component of industrial metrology, complementing
traditional measurement science with advanced data analysis and predictive capabilities.

2.4. Advanced Sensors and Measurement Instrumentation

Industrial measurements increasingly rely on compact, robust, and application-specific
sensing technologies capable of operating in challenging environments.

2 https://doi.org/10.3390/ metrology6030049
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A novel cylindrical capacitive sensor is introduced for characterizing the dielectric
properties of liquids over the frequency range from 1 to 30 MHz. The proposed design
offers a cost-effective alternative while maintaining satisfactory measurement performance,
illustrating how sensor innovation can broaden access to reliable electrical characterization.

Another contribution presents a high-frequency coupled-resonator capacitive micro-
machined ultrasonic transducer (CMUT) designed for acoustic emission monitoring during
additive manufacturing. By combining enhanced bandwidth and sensitivity with compact
dimensions, the proposed sensor addresses the growing need for real-time structural health
monitoring in advanced manufacturing processes.

Together, these papers illustrate the continuous development of measurement instru-
mentation that balances performance, affordability, and industrial applicability.

2.5. Flow Metrology and Sustainability

Accurate flow measurement plays a critical role in emerging energy and environmental
technologies [10,11]. This is particularly true for carbon capture [12], utilization, and storage
(CCUS), where reliable quantification of gaseous carbon dioxide is essential throughout the
process chain [13].

The reported interlaboratory comparison of Sl-traceable calibration facilities for
gaseous CO; flow metering represents an important contribution to establishing interna-
tional consistency in this strategically important field. By comparing calibration capabilities
across laboratories, the study reinforces confidence in flow measurements supporting
future low-carbon technologies.

This contribution illustrates the growing role of metrology in addressing global sustain-
ability challenges. One additional challenge consists of measuring it for nanoparticles [14].

3. Emerging Trends and Future Perspectives

Several important trends emerge collectively from the contributions published in this
Special Issue.

- First, industrial metrology is becoming increasingly data-driven [15]. Artificial in-
telligence, machine learning, and advanced computational methods are no longer
peripheral tools but are progressively integrated into measurement systems them-
selves.

- Second, uncertainty evaluation continues to evolve beyond laboratory environments.
Future developments will require uncertainty methodologies capable of supporting
autonomous production systems, digital twins [16], and real-time decision making.

- Third, sensor innovation remains a key driver of industrial metrology [17]. Miniatur-
ized, application-specific sensors with improved sensitivity and broader operating
ranges will continue expanding measurement capabilities across manufacturing, ma-
terials science, and environmental monitoring.

Finally, traceability and standardization [18,19] remain indispensable despite rapid
technological evolution. Whether measurements concern advanced materials, additive
manufacturing, environmental monitoring, or intelligent production systems, confidence
ultimately depends on internationally recognized measurement infrastructures.

These directions clearly illustrate that future industrial metrology will combine rig-
orous measurement science with digital technologies while maintaining the fundamental
principles of traceability, comparability, and uncertainty evaluation.

4. Conclusions

The Special Issue Applied Industrial Metrology: Methods, Uncertainties, and Chal-
lenges, successfully brings together contributions illustrating both the diversity and the
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evolution of contemporary industrial measurement science. The published papers span top-
ics ranging from international metrology infrastructure and standardization to intelligent
sensing, additive manufacturing, dimensional metrology, dielectric characterization, flow
measurement, and machine-learning-assisted measurement systems. Collectively, these
contributions demonstrate that industrial metrology is undergoing significant transforma-
tion driven by digitalization, advanced sensing technologies, artificial intelligence, and
increasing societal demands for sustainable and reliable industrial processes. At the same
time, the Special Issue reaffirms that the fundamental principles of traceability, uncertainty
evaluation, and international comparability remain central to all measurement activities.

I'would like to express my sincere gratitude to all authors for submitting their valuable
contributions, and to the reviewers for their careful evaluations and constructive comments.

It is hoped that the articles collected here will serve as useful references for researchers,
engineers, and industrial practitioners, while stimulating further developments in ap-
plied industrial metrology and strengthening the links between measurement science and
industrial innovation.

Funding: This research received no external funding.
Conflicts of Interest: The author declares no conflicts of interest.
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Abstract

An interlaboratory comparison of RF power measurements using automatic power measure-
ment software was carried out among partners of the European Partnership on Metrology
project titled “Development of RF and microwave metrology capability II” (REMicrowave2).
The absolute RF power output of a travelling signal generator was measured at six frequen-
cies between 2 GHz and 18 GHz and at three nominal power levels of —10 dBm, 0 dBm,
and 10 dBm. Comparison results were evaluated in terms of comparison reference values,
degrees of equivalence, and normalised errors. Uncertainty evaluations were performed
using both the Guide to the Expression of Uncertainty in Measurement and Monte Carlo
simulation methods. The results demonstrate an acceptable level of agreement among
participating laboratories and confirm the applicability of automatic power measurement
software for interlaboratory RF power comparisons.

Keywords: RF power measurement; interlaboratory comparison; automatic measurement;
uncertainty evaluation; Monte Carlo simulation; metrology

1. Introduction

The integrity of the global metrology system is based fundamentally on international
comparisons to achieve measurement accuracy, consistency, and trust [1]. Mostly adminis-
tered by International Committee for Weights and Measures (CIPM) Mutual Recognition
Arrangement (MRA), these comparisons provide National Metrology Institutes (NMlIs)
with the opportunity to show the equivalence of their national standards and validate their

Metrology 2026, 6, 47
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Calibration Measurement Capabilities (CMCs). Therefore, interlaboratory comparisons
allow institutions to ensure that their measurements are traceable to the International Sys-
tem of Units (SI) and ensure international recognition by reducing technical barriers. For
example, in the RF and microwave domain, international comparisons have been carried
out for quantities such as RF power and complex reflection coefficients, establishing the
equivalence of national standards across participating institutes [2,3].

Reliable measurement of radio-frequency (RF) and microwave (MW) power is a funda-
mental requirement for calibration, testing, communications, electromagnetic compatibility
(EMC), and a wide range of industrial and regulatory applications [4]. In RF and MW
metrology, power is one of the core quantities underpinning traceability chains for related
measurements such as attenuation and sensor calibration, and its reliable determination
directly affects the quality of higher-level measurement and calibration services [5,6].

RF power calibration is often time-consuming because measurements are repeated
over wide frequency and power ranges and require careful management of sensor be-
haviour, mismatch effects, and instrumental stability. For this reason, automated mea-
surement software offers clear practical advantages by reducing operator dependence,
improving repeatability, and enabling more systematic handling of uncertainty budgets [7].
These aspects are particularly relevant for developing laboratories aiming to establish
robust and reproducible services for industrial stakeholders.

The evaluation of measurement uncertainty is equally important. The Guide to the
Expression of Uncertainty in Measurement (GUM) provides the internationally accepted
framework for uncertainty evaluation [8]. The Monte Carlo simulation (MCS) method
described in Supplement S1 to the GUM provides a distribution-based alternative that is
especially useful when linearisation assumptions are weak or when the output distribution
deviates from normality [9]. In RF power transfer measurements, uncertainty contribu-
tions associated with mismatch, transfer stability, sensor characteristics, and measurement
system configuration can strongly influence the reported results, making rigorous and
comparable uncertainty treatment essential [5,6].

At the European level, these needs have motivated coordinated capability-building
efforts for RF and MW metrology. The European Partnership on Metrology (EPM) project
22RPT04, “Development of RF and microwave metrology capability II” (REMicrowave2),
aims to improve measurement and research capability in RF and MW metrology, partic-
ularly in less experienced NMIs and Dls, and to strengthen future cooperation among
European institutes and stakeholders. The project addresses several strategically important
areas, including RF and MW power, attenuation, reflection and transmission measure-
ments, antenna parameters, and electromagnetic field measurements, together with a
unified approach to measurement uncertainty evaluation [10].

Within this framework, the project focuses on advanced measurement techniques
for RF power and power-related quantities. Its objectives include developing traceable
capabilities for attenuation and reflection/transmission measurements while establishing a
harmonised approach to evaluating their uncertainties. In particular, automatic RF power
measurement and uncertainty calculation with different methods is addressed within the
framework of the REMicrowave2 project. The goals of the task are to establish automated
RF power measurement capability in participating laboratories, incorporate both traditional
law of propagation (GUM-based) and Monte Carlo simulation (MCS) based uncertainty
evaluation approaches into the software environment, and validate the established capabil-
ities through an interlaboratory comparison of direct RF power measurement.

Our previous research has been focused systematically on digitalisation and automa-
tion of metrological processes, providing the foundational components for the current study.
Initially, the “Internet of Measurement Things” (IoMT) architecture was proposed [11],
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establishing the communication and networking requirements for automated calibration in
the Industry 4.0 era. Within this framework, the AutoRFPower software was specifically
developed and introduced [12] as a specialised desktop application for automated RF
power measurements, designed to ensure metrological rigour and flexibility; subsequent
research [13] explored the potential of “Uncertainty Calculation as a Service” (UCaaS)
through cloud-based microservices as a proof of concept, the present study focuses on the
practical validation of the established AutoRFPower desktop tool. This paper demonstrates
the software’s performance in a large-scale interlaboratory comparison involving eight
international partners, confirming its reliability as a standardised tool for high-precision
RF power metrology.

This study, conducted within the framework of the 22RPT04 RFMicrowave?2 project,
presents an interlaboratory comparison of RF power measurements made by automatic
power measurement software. The comparison was designed to assess the consistency of
RF power measurements performed by different laboratories using a common travelling
standard and to evaluate the applicability of automated measurement software in con-
junction with both GUM-based and MCS-based uncertainty evaluation approaches. Eight
laboratories participated in the comparison according to a technical protocol prepared
by the National Metrology Institute (UME) of the Scientific and Technological Research
Council of Tiirkiye (TUBITAK) and approved by all of the comparison participants.

Section 2 of this article presents a review of related work. Sections 3 and 4 describe the
travelling standard used in the comparison and the measurement methodology, focusing
on the automated workflow of the AutoRFPower software and the implementation of
GUM-based and MCS-based uncertainty evaluations, respectively. The interlaboratory
comparison results, including Comparison Reference Values (CRVs) and Degrees of Equiv-
alence (DoEs), are presented in Section 5. Section 6 discusses the findings, the impact of
automated tools on measurement harmony, and potential refinements. Finally, Section 7
concludes the paper with possible future directions.

2. Related Work

Evaluation of interlaboratory comparisons and attainment of measurement equivalence
rely on established metrological principles and international guidelines. Salzenstein et al. [1]
provide an overview of the global metrology infrastructure and emphasise the critical
role of interlaboratory comparisons in validating CMCs. However, the metrology sector
is undergoing a profound digital transformation in which the focus is shifting toward
establishing robust e-infrastructures and digital quality frameworks. To this end, Neyezh-
makov et al. [14] highlight that paving the way for digital transformation requires the
development of metrological e-infrastructures and the digitalisation of calibration data to
ensure seamless data exchange. Moreover, Verma [15] discusses the potential of cutting-
edge technologies such as Al and Big Data in creating a digital quality infrastructure that
enhances international trade and measurement reliability. In line with this trend, our
work presents a specific case study utilising the AutoRFPower software to implement a
digitalised and automated workflow for an interlaboratory comparison.

The mathematical model used to analyse the comparison data follows the procedures
set forth by Cox [16]. In our study, we employed the weighted mean approach introduced
in [16] when calculating CRVs. This process is automated using the AutoRFPower software.
The used statistical framework is supported by other studies in the literature as well:
Rukhin and Sedransk [17] provide a rigorous basis for using meta-analysis models in
international key comparisons. By building these core stochastic ideas into the process,
our automated method ensures that both the CRV and the related DoE come from a solid
consensus value that reflects the different uncertainty levels of all participating laboratories.
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Reliability also depends heavily on how measurement uncertainty is handled in RF
power metrology and sensor comparison. For example, Koepke et al. [18] advocate the
use of advanced model-based approaches, such as hierarchical Bayesian models and MCS,
to account for “dark uncertainty”. Their work provides the theoretical foundation for the
MCS methods that are integrated into our automated software environment. While they
focus on the statistical rigour of mathematical models, our study bridges the gap between
theory and practice by incorporating these models (both GUM-based and MCS-based) into
an automated measurement framework. Thus, our method reduces operator dependence
and improves the repeatability of results across different laboratory settings.

3. Travelling Standard and Measurement Conditions

The travelling standard, supplied by Trescal A/S, was an Agilent model 83640A signal
generator with serial number 3250A00717. The signal generator operates in the frequency
range from 10 MHz to 40 GHz and provides output power levels between —110 dBm and
15 dBm.

A total of eight laboratories participated in the interlaboratory comparison. Measure-
ments were carried out under controlled environmental conditions, with temperatures
maintained around (23 £ 2) °C and relative humidity around (45 & 15) %rh. The partici-
pating laboratories and their environmental conditions are listed in Table 1.

Table 1. Laboratories participating in the interlaboratory comparison of RF power.

Temperature Humidity

Country Institute (W@ (%rh)

Bosnia and Herzegovina  Institute of Metrology of Bosnia and 23+2 50 £20
Herzegovina (IMBIH)

Czech Republic Czech Metrology Institute (CMI) 2342 40+10

Denmark Trescal A/S 23+1 45+ 15

Ireland National Standards Authority of Ire- 2342 45+ 20
land (NSAI)

Poland Central Office of Measures (GUM) 23.6 45.7

Slovenia Slovenian Institute of Quality and 23 +2 50 4+ 20
Metrology (SIQ)

Tiirkiye Spark Calibration Services Inc. 23+2 50 +20

Tiirkiye TUBITAK National Metrology Insti- 23+1 45+15
tute (TUBITAK UME)

Measurements were taken at six frequencies, namely, 2 GHz, 5 GHz, 8 GHz, 12 GHz,
15 GHz, and 18 GHz, and at nominal power levels of 10 dBm, 0 dBm, and —10 dBm. Each
participating institute carried out the comparison measurements using its own measure-
ment system, including a power meter, a power sensor and the proper adaptors.

Each participant measured the absolute RF power output of the travelling standard
using the AutoRFPower software, which was used to manage the complete measurement
workflow, including data acquisition and uncertainty evaluation. The software incorporates
both Standing Wave Ratio (SWR) values provided by the manufacturer and complex
reflection coefficient (RCC) values measured by selected laboratories.

For one participating laboratory, incompatibility issues prevented the use of AutoRF-
Power for direct data acquisition. In this case, measurement data were recorded using an
alternative data logging approach. However, the recorded data were subsequently pro-
cessed using the AutoRFPower software, particularly its uncertainty evaluation modules,
in the same manner as for the other participants. Therefore, consistency in data processing
and uncertainty evaluation was maintained across all laboratories.
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The SWR values represent a scalar description of the mismatch behaviour between
the source and the power sensor and are typically provided by the manufacturer as part of
the instrument specifications. In contrast, the RCC is a complex quantity describing both
the magnitude and phase of the reflected signal, usually obtained from vector network
analyser (VNA) measurements.

Prior to the comparison, the vector RCC of the adaptor connected to the signal gen-
erator to be used in the comparison as a travelling standard was measured by TUBITAK
UME with the help of Spark Calibration Services Inc., Ankara, Tiirkiye (Spark) using a
VNA-based vector reflection coefficient measurement technique [19]. The measured vector
RCC values were shared with the comparison participants.

Using the complex reflection coefficient allows a more complete vector description of
the mismatch interaction between the adaptor and the power sensor, which can improve
the accuracy of mismatch corrections and uncertainty evaluation [20]. For this reason, both
SWR-based and RCC-based approaches were considered in the software to assess their
influence on the calculated RF power and associated measurement uncertainties.

4. Measurement Methodology and Evaluation

The circulation of the travelling standard was organised to follow a ring-style path.
The circulation began in June 2024, and comparison measurements were completed in
January 2025. Each laboratory had a week to carry out the measurements.

Each participant institute used the AutoRFPower software to measure the absolute
RF power of the travelling standard against its own traceable reference standards, namely,
power sensors and power meters. At each test point, the measurement was completed by
taking at least 10 successive readings. Further details of this comparison are provided in
the associated technical report [21].

Uncertainty evaluations were performed according to two different approaches in-
cluded in the AutoRFPower software:

e the Guide to the Expression of Uncertainty in Measurement (GUM);
e Monte Carlo Simulation (MCS).

The MCS-based evaluation is implemented in the developed software following
Supplement S1 to the Joint Committee for Guides in Metrology (JCGM) 101 [9]. Its ap-
plication to RF power measurements was described and validated against a commercial
Monte Carlo tool in [22]. In contrast to the law of propagation approach, in which every
contribution is reduced to the equivalent standard uncertainty of a normal distribution,
the MCS module assigns a probability density function (PDF) to each input quantity of the
measurement model and propagates these PDFs through the model by repeated random
sampling, so that the actual shape of each input distribution is retained in the output
distribution [22].

The measurement model relates the power indicated by the sensor to the absolute
output power of the travelling standard through the calibration factor of the standard
power sensor, the (complex) forward transmission coefficient of the adaptor/attenuator
where used, and the impedance-mismatch factor M between the source and the sensor [22].
For each measurement point, the input quantities were assigned PDFs according to their
nature. The repeatability of the power readings, the calibration factor of the standard power
sensor, the forward transmission coefficient of the adaptor/attenuator, and the magnitude
and phase of the reflection coefficients were modelled with Gaussian (normal) PDFs,
whereas the power-meter accuracy and the power-meter resolution were modelled with
rectangular (uniform) PDFs. Each PDF is characterised by a location parameter (the best
estimate of the quantity) and a scale parameter (its standard uncertainty); Myjcs = 2 x 10°
samples were then drawn from each parameterised PDF and propagated through the
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model, and the mean and standard deviation of the resulting output distribution were
taken as the estimated power and its standard uncertainty, respectively.

The treatment of the mismatch contribution distinguishes the two cases considered in
this work and is consistent with the mismatch modelling described by Danaci et al. [22].
In the RCC case, the complex reflection coefficients are available; the mismatch factor is
then evaluated from the magnitudes and phases of I (each modelled with a Gaussian PDF),
so that the resulting mismatch contribution is approximately normal. In the SWR case,
only the magnitude of the reflection coefficient is known (derived from the manufacturer’s
standing-wave ratio); the mismatch factor is bounded by its extreme values and is therefore
modelled with a U-shaped (arcsine) PDF [23]. This difference in the mismatch PDF is one
of the main reasons for the slightly different uncertainties obtained for the RCC and SWR
cases, particularly at higher frequencies, where mismatch effects become more pronounced.

The comparison results and combined uncertainties were used to determine the
Comparison Reference Values (xcgry).

The degree of equivalence of each participant and the expanded uncertainty of the
degree of equivalence were calculated [16].

The E, value is stated in ISO/IEC 17043 “Conformity assessment—General require-
ments for proficiency testing” Standard [24]. The participant results were regarded as
satisfactory if | E, |< 1.

The xcry was calculated for each measurement point using the weighted mean with
normalised weights. The xcry is given by

XCRV = % . 1)
i=1 u%i
and the uncertainty of the Comparison Reference Values (xcry) was calculated as
u(xcrv) = 2

The expanded uncertainty of the Comparison Reference Values (xcry) was calcu-
lated as

U(xcry) = 2u(xcrv) 3)

5. Comparison Results

The xcry values were calculated for both RCC and SWR cases using GUM and MCS
methods at three nominal power levels (—10 dBm, 0 dBm, and 10 dBm). The Comparison
Reference Values (CRVs) were determined as weighted means of the participant results,
where the weights were derived from the reported uncertainties of each laboratory. The
results at 0 dBm, —10 dBm, and 10 dBm are presented in Tables 2, 3, and 4, respectively.

Degrees of equivalence (DoEs) with expanded uncertainties at 0 dBm for the RCC and
SWR cases based on the GUM method are presented in Figure 1 and Figure 2, respectively,
while the corresponding results based on the MCS method are shown in Figures 3 and 4.

Similarly, the DoEs at —10 dBm for the RCC and SWR cases based on the GUM method
are presented in Figure 5 and Figure 6, respectively, while the corresponding results based
on the MCS method are shown in Figures 7 and 8.
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Likewise, the DoEs at 10 dBm for the RCC and SWR cases based on the GUM method
are presented in Figure 9 and Figure 10, respectively, while the corresponding results based
on the MCS method are shown in Figures 11 and 12.

Table 2. xcry and expanded uncertainties U (xcry) (k =2) at 0 dBm.

. GUM-Based MCS-Based

req.

(GHz2) RCC SWR RCC SWR

X u x u X u x u

2 0.041 0.027 0.006 0.034 0.005 0.029 —0.003 0.033
5 0.022 0.032 0.002 0.039 —0.019 0.037 —0.026 0.044
8 0.068 0.032 0.031 0.040 0.035 0.037 0.034 0.043
12 0.027 0.036 0.003 0.046 0.012 0.041 0.017 0.050
15 0.014 0.040 0.010 0.054 0.005 0.048 —0.003 0.060
18 —0.051 0.042 —0.028 0.056 —0.027 0.049 —0.024 0.061

Table 3. xcry and expanded uncertainties U (xcry) (k = 2) at —10 dBm.

F GUM-Based MCS-Based

req.

(GHz) RCC SWR RCC SWR

X u x u X u X u

2 —9.896 0.029 —9.950 0.036 —-9.929 0.032 —-9.919 0.036
5 —-9.917 0.032 —9.939 0.040 —9.949 0.038 —9.941 0.045
8 —-9.901 0.033 —9.941 0.043 —-9.921 0.039 —9.909 0.044
12 —9.920 0.037 —9.942 0.049 —9.919 0.043 —9.893 0.051
15 —9.949 0.042 —9.958 0.059 —9.942 0.051 —9.928 0.060
18 —9.984 0.043 —9.980 0.060 —9.956 0.050 —9.925 0.062

Table 4. xcry and expanded uncertainties U (xcry) (k = 2) at 10 dBm.

. GUM-Based MCS-Based

req.

(GHz) RCC SWR RCC SWR

X u x u X u X u

2 10.086 0.026 10.051 0.034 10.050 0.029 10.041 0.033
5 10.055 0.031 10.037 0.039 10.014 0.036 10.007 0.041
8 10.101 0.032 10.063 0.041 10.068 0.038 10.066 0.043
12 10.064 0.036 10.036 0.048 10.046 0.042 10.049 0.050
15 10.047 0.041 10.040 0.057 10.035 0.049 10.025 0.060
18 9.979 0.042 10.002 0.059 9.999 0.049 10.002 0.061

The laboratories shown on the x-axis are presented in a randomised order to avoid
any implicit ranking or bias in visual interpretation. Each marker represents the DoE of
a participating laboratory at a given frequency, while the vertical error bars indicate the
associated expanded uncertainty U(D;). The blue-dotted horizontal line in the Figure 1 to
Figure 12 indicates the degrees of equivalence, which is the difference between the result of
the participants of the travelling standard, and xcry. The different marker styles correspond
to different frequency points. Measurement results with E,, > 1 are highlighted with red
dotted circles, indicating potential inconsistency with the comparison reference value.

The results showed that most participant measurements were in good agreement with
the CRV values across all frequencies and power levels. The majority of participant results
satisfied the acceptance criterion |E,| < 1. This indicates a high level of consistency among
participating laboratories and confirms the robustness of the measurement methodology.

It should be noted that for one participating laboratory, the uncertainty component
associated with measurement non-reproducibility was not fully included in the uncer-
tainty evaluation performed using the AutoRFPower software. As a result, the reported
uncertainties at the —10 dBm level were significantly underestimated. For example,
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at 2 GHz and —10 dBm, the expanded uncertainty obtained from the software was ap-
proximately four times smaller than the value estimated by the laboratory when including
non-reproducibility effects.

A comparison between RCC- and SWR-based evaluations reveals that the use of
vector RCC information generally provides slightly improved agreement compared to
scalar SWR-based modelling, particularly at higher frequencies where mismatch effects
are more pronounced. Similarly, the agreement between GUM and MCS results indicates
that the linearisation assumptions of the GUM approach are valid for most cases, while the
MCS approach provides additional robustness in scenarios involving non-linear effects.

Some deviations were observed for specific laboratories and frequency points. In par-
ticular, significant deviations were identified for one participant, which may be related to
instrument zeroing issues or differences in measurement procedures. These deviations
are more noticeable at lower power levels and higher frequencies, where measurement
sensitivity and mismatch-related effects become more critical.

DoE with Expanded Uncertainty at 0 dBm (RCC, GUM)
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Figure 1. Degrees of equivalence with expanded uncertainties at 0 dBm for the RCC case according
to the GUM method. Red dotted circles indicate points with E, > 1.
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Figure 2. Degrees of equivalence with expanded uncertainties at 0 dBm for the SWR case according
to the GUM method. Red dotted circles indicate points with E, > 1.
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Figure 3. Degrees of equivalence with expanded uncertainties at 0 dBm for the RCC case according
to the Monte Carlo simulation (MCS) method. Red dotted circles indicate points with E, > 1.
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DoE with Expanded Uncertainty at -10 dBm (RCC, GUM)

0.1 }ﬂ +
m T
o
gl TM WH J ll ﬂlH
o II TT !
o
C
o N
S EANR | g3
9.1 [

5 —0.14 H S
o
w
w—
o N
) Frequencies
0 -021 e 2GHz
o ®  5GHz
o A 8GHz

¢ 12GHz

=031 v 15GH:z
#* 18 GHz
-+ E,=1 highlighted
Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8
Participants
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Figure 6. Degrees of equivalence with expanded uncertainties at —10 dBm for the SWR case according
to the GUM method. Red dotted circles indicate points with E, > 1.
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Figure 7. Degrees of equivalence with expanded uncertainties at —10 dBm for the RCC case according
to the Monte Carlo simulation (MCS) method. Red dotted circles indicate points with E,, > 1.
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Figure 8. Degrees of equivalence with expanded uncertainties at —10 dBm for the SWR case according
to the Monte Carlo simulation (MCS) method. Red dotted circles indicate points with E, > 1.
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Figure 9. Degrees of equivalence with expanded uncertainties at 10 dBm for the RCC case according
to the GUM method. Red dotted circles indicate points with E, > 1.
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Figure 10. Degrees of equivalence with expanded uncertainties at 10 dBm for the SWR case according
to the GUM method. Red dotted circles indicate points with E, > 1.
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Figure 11. Degrees of equivalence with expanded uncertainties at 10 dBm for the RCC case according
to the Monte Carlo simulation (MCS) method. Red dotted circles indicate points with E,, > 1.
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Figure 12. Degrees of equivalence with expanded uncertainties at 10 dBm for the SWR case according
to the Monte Carlo simulation (MCS) method. Red dotted circles indicate points with E,; > 1.

The uncertainty values obtained using GUM and MCS approaches were gener-
ally consistent, although slight differences in uncertainty distributions were observed
in certain cases.

6. Discussion

The comparison results highlight the influence of reflection coefficient modelling on RF
power measurements. Differences between RCC- and SWR-based uncertainty evaluations
demonstrate that modelling assumptions can significantly affect comparison outcomes.

The study also shows that the AutoRFPower software can harmonise measurement
procedures and uncertainty evaluation across laboratories in conducted interlaboratory
comparisons. Thus, the utilisation of such software helps to improve measurement process
and uncertainty calculations.

Furthermore, the comparison provides insight into the applicability of automated
measurement and uncertainty evaluation tools in RF power metrology. The results indicate
that such tools can support reliable interlaboratory comparisons and contribute to the
development of consistent RF power measurement methodologies.

The current version of AutoRFPower follows the standard inclusive approach,
in which each participant’s result also contributes to xcry. This can introduce a self-
correlation bias, since a laboratory’s own value pulls the reference value towards itself
and may make performance metrics such as E;,, appear more favourable. To mitigate this
risk, incorporating the “exclusive statistics” proposed by Steele et al. [25], in which each
participant is excluded from the reference value used to assess it, represents an important
direction for future software refinements aimed at unbiased laboratory evaluations.

7. Conclusions

The comparison was successfully conducted among eight laboratories participating
in the EPM project 22RPT04, “RFMicrowave2”. The comparison results demonstrate
generally good agreement among participants and confirm the feasibility of automated RF
power measurement approaches. The high level of agreement observed across different
frequencies and power levels confirms the validity of both the measurement methodology
and the uncertainty evaluation approaches.

The scope of this project encompassed an interlaboratory comparison of RF power mea-
surements using automatic power measurement software (AutoRFPower), which yielded
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favourable results. This allowed project participants to gain capability for automatic RF
power measurement and uncertainty calculation. The study demonstrates that automated
measurement workflows can be successfully implemented in RF power metrology without
compromising accuracy or reliability.

The findings of this study support the integration of automated measurement
and uncertainty evaluation tools into RF metrology practices and provide a basis
for future harmonised comparison studies. In addition, the results highlight the im-
portance of using vector-based mismatch modelling (RCC) for improved accuracy in
high-frequency measurements.

Based on our findings, we suggest that previously measured vector RCCs of signal
generators can be used as a travelling standard for RF power comparisons. This approach
offers a practical and scalable alternative for future interlaboratory comparisons, reducing
the need for mismatch characterisation.

Future work will focus on extending the automation capabilities demonstrated in this
study, in order to design smarter and more adaptive metrology systems. Comprehensive
reviews in recent literature have demonstrated that machine learning algorithms can
successfully optimise complex measurement procedures and enable robust, data-driven
metrology applications [26]. Building upon this, one particularly promising avenue is
the integration of artificial intelligence (Al) techniques for the automatic extraction and
interpretation of calibration procedures from manufacturers” documentation, thus enabling
the generation of harmonised and machine-interpretable calibration workflows and helping
less experienced laboratories implement complex measurement procedures in a consistent
and traceable manner.

Furthermore, combining automated measurement systems with Al-based decision
support mechanisms has the potential to improve uncertainty assessment and method
selection processes. By integrating domain knowledge, historical measurement data,
and formalised calibration requirements, future systems will be able to help operators
choose optimal measurement strategies and identify potential sources of error. These
advancements are likely to contribute to ongoing digital transformation efforts in the field
of metrology.
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Abstract

Emerging materials often face challenges in market adoption due to limited comparability
and reliability of measurement-based material information, despite their potential to drive
technological innovation. While standardization is widely recognized as an important
mechanism for market diffusion, existing approaches provide limited insight into how ma-
terial specifications facilitate the comparative evaluation of material characteristics and their
use in market decision-making. This study introduces a novel perspective, conceptualizing
standardization as an institutional infrastructure designed to coordinate the generation,
sharing, and evaluation of measurement-based material information across industries, stan-
dards development organizations (SDOs), and markets. Within this framework, the study
distinguishes between two complementary types of standards for material specifications.
Type A standards enable the structured disclosure of measured characteristic values and
associated measurement uncertainties, allowing application-specific evaluation without
predefined acceptance criteria. In contrast, Type B standards define predefined characteris-
tic values and compliance criteria, providing a basis for conformity assessment, certification,
and quality assurance. These two types may be understood as complementary mechanisms
that fulfill different functions of comparability and compliance under varying technological
and market conditions in emerging material systems. Consequently, they contribute to
both innovation-oriented market evaluation and quality-assured market acceptance.

Keywords: standardization; emerging materials; nanomaterials; innovation; material
specifications; comparability; compliance; conformity assessment

1. Introduction

Emerging materials are increasingly developed with the expectation of generating
industrial and societal value through market adoption. Despite their unique and enhanced
properties, such materials often encounter difficulties in achieving early market entry.
One possible reason lies in both technological uncertainty and the limited capacity of
existing specification systems to translate material characteristics into decision-relevant
information for market use.

This challenge reflects broader issues in how measurement-based information is
structured, communicated, and evaluated. Although standardization is acknowledged as
a pivotal driver of market diffusion, the current literature offers scarce insight into how
specification systems structure information and support decision-making across industries,
standards development organizations (SDOs), and markets.
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Prevailing perspectives have primarily emphasized compliance and conformity as-
sessment based on predefined criteria, while less attention has been given to the roles of
interpretation, comparison, and application-specific evaluation. In this study, comparabil-
ity refers primarily to the ability to evaluate measurement-based material characteristics
across products within common specification frameworks. The terms “Type A” and “Type
B” used in this study refer to functional categories of specification standards. To avoid
ambiguity with established metrological terminology, it should be clarified that these labels
are distinct from the Type A and Type B methods of evaluating measurement uncertainty
in the Guide to the Expression of Uncertainty in Measurement (GUM) [1], though both
concepts share a fundamental connection to measurement-based data reliability.

The standardization of emerging materials is particularly challenging because it
must accommodate heterogeneous characteristics, diverse measurement practices, and
evolving application requirements. In contrast to mature material systems—where
standardized specifications and conformity assessment schemes are relatively well
established—emerging materials are often associated with independently developed prod-
uct specifications, diverse measurement approaches, and limited comparability across
products, which may hinder effective market evaluation.

Existing studies have examined the relationship between standardization and innova-
tion from economic, institutional, and technological perspectives [2-6], while metrological
research has focused on measurement validity and applicability [7]. However, relatively
limited attention has been paid to how specification systems organize measurement-based
information and support market-oriented decision-making processes.

New specification dynamics are clearly observable in the frontlines of nanotech-
nology standardization. The recent publication of Type A standards—such as ISO/TS
19808:2020 for carbon nanotube suspensions [8], ISO/TS 9651:2025 for graphene-related
2D materials [9], and ISO/TS 21236-2:2021 for clay nanomaterials [10]—demonstrates an
increasing industrial reliance on structured data disclosure rather than rigid pass/fail crite-
ria. While these existing deliverables successfully establish a baseline for characterizing
emerging materials, the previous literature offers limited general frameworks to translate
such measurement-based information into decision-relevant formats for market adoption,
underscoring the practical necessity of the proposed dual-mode framework.

In response to this issue, this study proposes a complementary perspective that inter-
prets standardization as an interaction-based infrastructure for organizing and coordinating
information across industries, SDOs, and markets. Within this framework, industry gener-
ates and discloses specification information, SDOs organize and harmonize it, and markets
evaluate its value in relation to specific applications.

Building on this perspective, the study distinguishes between two complementary
types of standards for material specifications. Figure 1 illustrates a structural framework in
which product specifications in emerging materials are transformed into decision-relevant
information through two distinct but complementary pathways.

Type A standards define frameworks for representing characteristic values and as-
sociated measurement uncertainties, enabling application-specific evaluation based on
disclosed data. Type B standards define predefined characteristic values and compliance
criteria, providing a basis for conformity assessment and quality assurance in more ma-
ture material markets. Rather than representing sequential stages, these two types may
be understood as complementary mechanisms that support different functions of com-
parability and compliance under varying technological and market conditions. These
distinctions are exemplified in nanomaterial standardization practices, including IEC TS
62565-1:2023 [11], other parts of the IEC 62565 series, and ISO nanomaterial standards
developed by ISO/TC 229 [12].
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Figure 1. Dual-mode pathways for structuring emerging material specifications.

In addition to serving as a compliance-oriented system, standardization provides a
framework for facilitating the comparative evaluation and market utilization of emerging
materials. Section 2 examines the structural characteristics of these pathways, Section 3
analyzes their interaction dynamics, and subsequent sections discuss implications for
standardization strategies.

2. Structuring of Emerging Material Specification Systems
2.1. Structural Distinction Between Type A and Type B Standards

Figure 2 highlights the structural distinction between Type A and Type B standards in
emerging materials. These two complementary pathways exhibit different specification
structures and conformity assessment logics. Type A standards enable comparability across
diverse characteristics with associated uncertainties through standardized yet adaptable
measurement methods. They also support evaluation against manufacturer-declared
values within a framework for structured disclosure and interpretation. In contrast, Type B
standards support compliance through predefined characteristic values, conformity criteria,
and standardized methods.

Type B standards operate under more stabilized conditions. They define predefined
characteristic values, adopt standardized measurement methods, and support conformity
assessment against established criteria. As a result, Type B standards ensure quality
assurance and support certification in mature markets.

Type A and Type B standards thus play complementary roles in the standardization
of emerging materials, supporting different modes of decision-making under varying
conditions of material and market development.

2.2. Structural Differentiation of Product Specification Systems

Product specification systems in industry may exhibit different structural configura-
tions depending on market and material conditions. Figure 3 illustrates three typical forms
of in-market product specification systems.
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Figure 2. Structural distinction between Type A and Type B standards for emerging materials.
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Figure 3. Structural differentiation of three types of in-market product specifications.

In innovation-oriented domains, product specifications are often independently
structured, characterized by diverse characteristics and non-standardized measurement
methods. In such contexts, comparability across products remains limited, although
this diversity may support a broad range of technological innovations and exploratory
product development.

Type A standards provide a framework for structuring comparability across diverse
product specifications. Within this configuration, manufacturer-issued specifications be-
come comparable through standardized yet adaptable measurement frameworks while
preserving characteristic diversity and ongoing innovation. Such frameworks support
market evaluation and early-stage adoption of emerging materials.
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In mature material domains where product characteristics and acceptance criteria are
established, Type B standards support conformity assessment against predefined accep-
tance values. In these contexts, measurement methods are highly standardized, enabling
certification, quality assurance, and broad market acceptance. Type B-aligned product
specifications refer to manufacturer-issued specifications that demonstrate conformity with
predefined acceptance criteria established by Type B standards. When conformity of these
product specifications is ascertained by a certification body, certification provides formal
assurance of conformity and supports broader market acceptance.

These differentiated specification frameworks suggest that standardization may per-
form different coordination functions depending on the characteristics of the market and
material domain. Type A-aligned systems primarily support comparability across diverse
products, whereas Type B-aligned systems support conformity assessment and standard-
ized quality assurance. Rather than representing competing approaches, these frameworks
may be understood as complementary forms of specification coordination associated with
different industrial and technological contexts.

While Figure 3 illustrates the structural differentiation of product specification systems,
the following section focuses on the operational characteristics of Type A- and Type B-
aligned systems.

3. Interaction Dynamics in the Standardization of Emerging
Material Systems

This section examines how Type A- and Type B-aligned specification systems operate
and interact across emerging material markets. The analysis focuses on functional differen-
tiation, institutional arrangements for conformity assessment, and interaction dynamics
among markets, industry, and SDOs. It further examines how these relationships evolve
across phases of material maturity.

The establishment of standardized material specifications is essential to mitigate
information asymmetry and facilitate efficient market transactions. It should be noted,
however, that while market decision-making broadly encompasses economic, financial,
and political considerations, the functional roles of Type A and Type B standards are strictly
focused on supporting technical decisions. These standards serve as a reliable infrastruc-
ture specifically for evaluating the technical equivalence, performance, and compatibility
of materials.

3.1. Functional Differentiation of Type A- and Type B-Aligned Specifications

As illustrated in Figure 4, Type A- and Type B-aligned systems exhibit different
operational characteristics in how measurement-based information is disclosed, interpreted,
and utilized for market decision-making and conformity assessment.

Type A-aligned product specifications are characterized by the disclosure of relevant
characteristic values together with associated uncertainties, enabling application-specific
interpretation and market decision-making. Interlaboratory comparison studies may sup-
port the evaluation of measurement uncertainty. This data-centric architecture emphasizes
transparent disclosure and user-driven contextual interpretation of measured data rather
than predefined acceptance criteria, allowing user industries to determine the suitability of
materials according to diverse and evolving requirements.

Within such systems, conformity assessment may be performed relative to manufacturer-
declared values using standardized measurement frameworks and procedures. Rather than
determining conformity against fixed acceptance thresholds, evaluation is conducted through
comparative interpretation of disclosed measurement results under shared measurement
conditions. Consequently, Type A-aligned systems enable comparability and adaptive
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decision-making, thereby contributing to market formation in emerging material domains.
Furthermore, beyond this enhanced comparability, Type A standards empower users to
efficiently screen and select candidate materials by defining a minimum yet essential set of
characteristics. In doing so, these standards play a pivotal role in institutionally defining
the identity of an emerging material during its early market stages.

A ¢ Type A-aligned Type B-aligned
Spects product specifications product specifications
Multiple characteristics with specified Standardized characteristics
Measurement procedures and associated uncertainties and procedures
. Manufacturer -declared § : I
Conformity churactarstic valuss g_ Predefined acceptance criteria
U i g g
Disclosure Transparent disclosure 5 Conformity judgment / 2
and Output of measurement results ~ certification o
o
& 4 5
Market User-driven evaluation ———  Compliance -based acceptance |

decision making
Figure 4. Operational characteristics of Type A- and Type B-aligned specification systems.

In contrast, Type B-aligned systems are structured around predefined characteristic
values and acceptance criteria associated with specific applications and performance re-
quirements. Measurement methods and procedures are highly standardized to support
reproducible evaluation and conformity assessment against predefined criteria. Under
these conditions, certification and quality assurance become increasingly important mecha-
nisms for establishing reliability and market trust.

Compared with Type A-aligned systems, Type B-aligned systems emphasize con-
formity and consistency rather than contextual interpretation of disclosed measurement
results. Such systems support broader industrial harmonization, stable quality assurance,
and market acceptance in mature material domains where application requirements and
evaluation criteria have become sufficiently stabilized.

These operational differences indicate that Type A- and Type B-aligned systems sup-
port distinct but complementary coordination functions. Type A-aligned systems primarily
support comparability and adaptive evaluation under conditions of technological and
application uncertainty, whereas Type B-aligned systems support conformity assessment
and standardized quality assurance under more stabilized market conditions.

3.2. Institutional Architecture of Conformity Assessment and Certification

Conformity assessment in emerging materials is shaped by institutional interactions
among market forces, industrial practices, and SDO activities. As illustrated in Figure 5,
both Type A and Type B standards are applied to a common institutional process involving
testing laboratories and certification bodies. They enable dual pathways to conformity and
certification of products: one against manufacturer-declared values and the other against
predefined values. This structure extends certification beyond conventional compliance-
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based frameworks, thereby supporting broader market decision-making, including quality
evaluation and assurance of emerging materials.

Standardized Standardized

specifications | — = l acceptance criteria
| Certification bodies *

Measurement results
with uncertainties

.E' —-{ Testing laboratories |L : E'
o Standardized Standardized ©
; measurement methods measurement methods ;
» | @
g Conformity assessment (dual modes) E
% ---------------» Manufacturer -declared values ‘ ‘ Predefined values %
g |Comparative Acceptance a
" | evaluation criteria 7]
l Conformity and certification outcomes |
Market Market

feedback T o Z feedback
-&-’ Market decision-making I'—‘ee =

Figure 5. Institutional architecture enabling conformity assessment against manufacturer-declared
values and predefined values.

3.3. Interaction Dynamics Among Research Institutions, Industry, SDOs, and Markets

Figure 6 illustrates the interaction dynamics among applied science-oriented research
institutions, industry, SDOs and markets. In this study, applied science-oriented research
institutions refer to organizations that support the transition of scientific and technological
outcomes toward industrial and societal implementation by translating innovations into
product specifications through activities such as measurement development, material
characterization, specification coordination, and standardization.

Market Market dynamics in emerging material systems
Interactions among research institutions, industry, SDOs, and markets

Market growth Market maturity

Trqns!arfng {qnm{aﬁons Innovation diffusion Quality assurance
inko speciiicabons Comparability Compliance
N — i = -
Industry Independent Type A -aligned Type B-aligned
specifications product specifications product specifications | product specifications
Harmonization "\ A // Unification R Predefined
of independent // of specification Harmonization ™ criteria
specifications )\, // frameworks toward compliance™.
Type A standards e B standards
standards s | Typ

Figure 6. Market dynamics and stakeholder interactions in the standardization of emerging
material systems.
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The selection among the three industry product specification forms is not determined
solely by material maturity, but also by the strategic discretion of individual manufacturers
according to their innovation objectives, technological maturity, target applications, market
requirements, and certification needs. While there is an inherent evolutionary time-lag in
the development of institutional frameworks—where Type A standards precede Type B
standards to establish initial comparability—they fundamentally continue to coexist over
the long term during the market utilization phase. In this manner, rather than following
a rigid, linear replacement pathway, independent, Type A-aligned, and Type B-aligned
product specifications simultaneously coexist across materials and application domains to
serve complementary functions.

These processes are closely coupled with market dynamics. In early stages, diverse
innovations generate fragmented specifications that reflect technological diversity. Applied
science-oriented research institutions may contribute to this process by supporting the
development of measurement frameworks, material characterization, harmonization activi-
ties, and specification infrastructures that facilitate the translation of emerging technologies
into industrial applications.

The introduction of Type A-aligned specifications enables the structuring of spec-
ification frameworks and improves the comparability of measurement-based material
characteristics without constraining innovation, thereby facilitating industrial adoption
and early market growth. As markets expand and demands for reliability increase, fur-
ther harmonization leads to the emergence and adoption of Type B-aligned specifications,
supporting quality assurance, market maturation, and strengthened trust.

These interactions indicate that standardization operates as an adaptive infrastructure
in which market dynamics, industrial practices, research institutions, and SDO activi-
ties are structurally interdependent. Changes in any one domain may therefore induce
adaptive responses and reconfigurations in the others, rather than following a simple
linear progression.

To bridge the proposed conceptual framework with the practical operations of stan-
dards development organizations (SDOs), the roles of Type A and Type B standards can be
explicitly mapped onto existing ISO/IEC deliverables. As illustrated in Figure 6, these stan-
dards function to align independent industrial specifications with harmonized frameworks.
Consequently, they rely on normative statements realized through Technical Specifications
(TSs) for developing technical fields, or International Standards (ISs) for stabilized ones.

For emerging materials, which are often characterized by evolving technologies and
markets, it is recommended that a staged evolutionary pathway be prioritized. Under
this approach, deliverables are initially published as TSs to capture market feedback and
subsequently converted into full ISs. A prominent practical example is found in ISO/TC 229
and IEC/TC 113 (nanotechnologies), where material specification standards are routinely
developed first as TSs and later upgraded to ISs as the technology matures.

3.4. Dynamics of Type A and Type B Standards Across Material Maturity Phases

The interactions described in the preceding sections give rise to dynamic relationships
among material maturity, market expansion, and standardization. Figure 7 illustrates the
distributed contributions of Type A and Type B standards across material maturity phases.

In emerging phases, diverse innovations originating from research and development
coexist with limited market adoption. In such contexts, Type A standards play a central
role by enabling comparability across products through the comparative evaluation of
measurement-based characteristics without constraining technological diversity. In par-
ticular, many Type A standards published by ISO/TC 229 require the evaluation and
reporting of measurement uncertainty [12], thereby reinforcing the metrological basis for
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the comparative evaluation of material characteristics. Type A standards also provide a
basis for conformity assessment against manufacturer-declared values, thereby facilitating
market evaluation and the early-stage adoption of emerging materials.

Market establishment and stabilization

c
i)
i)
Q
(=] O
© Yo
© £© Type B standards
- Q
3 (\bc’ (Quality assurance)
[
© i 7
= 0"}\
e\é Type A standards
Innovation Seeds (Structuring / Comparability)

Material maturity phase

Research Emerging Growth Mature
Figure 7. Distributed contributions of Type A and Type B standards across material maturity phases.

As material markets expand, increasing demands for reliability, certification, and
standardized quality assurance strengthen the role of Type B standards. These standards
provide predefined acceptance values for application-essential characteristics and fully
standardized measurement methods that support conformity assessment, certification, and
broader market acceptance.

In mature phases, Type B standards contribute significantly to market stabilization
by enabling quality assurance, certification, and reliable large-scale commercialization.
At the same time, Type A standards continue to enhance comparability and conformity
assessment against manufacturer-declared values in response to ongoing technological
innovation and evolving market needs. Rather than representing a unidirectional transition,
Type A and Type B standards perform complementary functions with the increasing role of
Type B standards.

3.5. Standardization Dynamics in Mature Material Systems

This section focuses on standardization dynamics in mature material systems in a
stabilized market context.

In this context, these dynamics operate in a configuration where Type B standards
dominate the organization of specification and conformity assessment structures across
markets, industry, and SDOs. Figure 8 illustrates this configuration. Industry specifica-
tions are aligned with Type B standards, enabling consistent conformity assessment and
certification against predefined characteristic values. Market maturity is sustained through
widespread industrial adoption and established certification systems.

Ongoing improvements in material characteristics are progressively incorporated into
product specifications, reflecting application-specific requirements. Notably, Type A-based
specification elements are increasingly incorporated into Type B-based systems, supporting
ongoing refinement and adaptation without requiring fundamental restructuring.

As a result of this incorporation, and because materials are evaluated in relation
to specific applications through standardized measurement procedures, dual modes of
conformity assessment are sustained: conformity assessment against characteristic values
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declared by individual companies, and conformity assessment against characteristic values
defined by Type B standards.

This stabilized regime demonstrates that standardization in mature material systems
combines consolidation and harmonization with sustained dynamics in which stability and
flexibility coexist. Type B standards provide a stable foundation for certification and quality
assurance, while Type A-based elements sustain adaptability and ongoing innovation.

Market Market dynamics toward mature material systems
Interactions among manufacturers, users, and SDOs
Mature materials with Market maturity
ongoing improvement Quality assurance
Industry Independent Type B-aligned
specifications product specifications product specifications
IS P
\\ | |
zation and X Adding refined criteri
Harmonization and ™~ ing reineda criiena
incorporation of Type A elements “\ Predefined criteria
\“-‘.
= Ll
i ' Type B standards
standards

Figure 8. Market dynamics and stakeholder interactions in the standardization toward mature
material systems.

4. Integrated Framework for Emerging Material Standardization
Systems

This section presents an integrated framework that relates specification architecture
and standardization dynamics to provide a conceptual perspective on standardization
across phases of material maturity. Rather than describing standardization as a linear
progression, the framework explains how different specification systems coexist, interact,
and fulfill distinct functions under varying technological and market conditions. From
this perspective, standardization may be understood not as a static endpoint, but as an
adaptive infrastructure shaped by interactions among technological development, industry
practices, and institutional standardization activities.

In emerging material domains, specification activities are often diverse, parallel, and
independently developed, reflecting evolving material characteristics, measurement meth-
ods, and application requirements. In such contexts, standardization provides organizing
principles that improve comparability across diverse specification activities without con-
straining innovation, as illustrated in Figure 3.

Within this framework, Type A and Type B standards function as complementary but
distinct components of an integrated standardization system. Type A standards establish a
common structural basis for defining measurement-based characteristics while maintaining
flexibility for diverse technological approaches. This contributes to the development of
product specifications within a shared framework, translating technological innovation
into decision-relevant information, enhancing comparability, and enabling conformity
assessment against manufacturer-declared values during early-stage market formation.

In contrast, Type B standards define predefined characteristic values and associated
measurement frameworks, providing a shared basis for application-specific performance
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evaluation. This enables conformity assessment against predefined values within a shared
reference framework, supporting reliability, quality assurance, certification, and broader
market acceptance in more mature material systems.

Across phases of material maturity, the framework illustrates the coexistence of
innovation-oriented and quality assurance-oriented standardization. Type A standards
sustain comparability and technological differentiation, whereas Type B standards provide
acceptance criteria based on standardized methods, thereby enabling conformity assess-
ment and certification. Importantly, this does not represent a unidirectional transition
or a final endpoint. Rather, Type B-aligned systems continue to evolve through the on-
going refinement and extension of predefined characteristic values, while increasingly
incorporating Type A-based specification elements.

Overall, the proposed framework suggests that standardization may operate as an
integrative mechanism linking scientific research, technological development, and market
formation. It clarifies how independently developed product specifications, Type A-aligned
specifications, and Type B-aligned specifications may be organized as functionally differen-
tiated systems, thereby providing a conceptual basis for understanding standardization as
an enabling infrastructure for the market utilization of emerging materials.

5. Discussion

This study proposes an integrated framework for understanding specification stan-
dardization in emerging material systems as an adaptive framework linking measurement,
conformity assessment, industrial practice, and market formation. Rather than treating
standardization as a linear transition from Type A to Type B standards, the framework
clarifies how independently developed product specifications, Type A-aligned product
specifications, and Type B-aligned product specifications coexist and fulfill distinct but
complementary functions under varying technological and market conditions.

5.1. Complementary Roles of Type A and Type B Standards

The findings suggest that Type A and Type B standards should not be understood
as sequential stages of a unidirectional progression, but as functionally differentiated
mechanisms within specification systems. Type A standards support comparability by
structuring characteristic definitions and measurement methods while preserving diversity
in manufacturer-declared values. Type B standards provide predefined acceptance criteria
that support conformity assessment, certification, and quality assurance.

These functions operate at different but interconnected levels: Type A standards
support market evaluation under technological and application uncertainty, whereas Type
B standards support conformity assessment and quality assurance under more stabilized
market conditions. Their coexistence suggests that standardization can support both
innovation and quality assurance.

This perspective broadens conventional compliance-centered interpretations of stan-
dardization by positioning comparability as an important and structurally distinct function
in emerging material systems.

5.2. Feasibility of Type A-Based Conformity Assessment

The study highlights the potential role of conformity assessment based on Type A
standards. Because Type A standards define characteristics and specify standardized
measurement methods and procedures, they can provide a basis for conformity assessment
based on manufacturer-declared values.

Despite this technical feasibility, Type A-based conformity assessment remains limited
in widespread international practice, partly because emerging material markets often lack
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the economic scale and institutional conditions needed for third-party certification [13,14].
In such contexts, manufacturer self-declaration based on Type A standards may provide a
practical alternative [15].

Nevertheless, a few industrial initiatives demonstrate the feasibility of Type A-based
conformity assessment by third-party certification bodies. An industry-led certification sys-
tem for fine bubble technologies has been established [16] using ISO-defined measurement
methods. Similarly, a certification framework for clay nanomaterials based on ISO Type A
standards [10] has been implemented through collaboration among industrial associations,
testing laboratories, and certification bodies [17,18]. These cases suggest that conformity
assessment may be achievable even without predefined acceptance criteria when supported
by appropriate measurement frameworks and institutional arrangements.

From this perspective, standardization in emerging material domains may be under-
stood not as a unidirectional progression toward predefined acceptance criteria, but as a
complementary system in which comparability and compliance coexist through different
coordination mechanisms.

5.3. Continuing Roles of Type A Functions in Type B Systems

Even in mature material systems dominated by Type B standards, Type A-based com-
parability functions remain important. Predefined characteristic values and conformity
criteria depend on the prior existence of comparable measurement methods and speci-
fied characteristics. In this sense, Type B systems do not replace Type A functions but
increasingly incorporate them.

This perspective suggests that mature certification systems may accommodate dual
modes of conformity assessment: verification against predefined criteria and evaluation
against manufacturer-declared values. Standardization may therefore be understood as an
integrated system in which comparability and compliance coexist rather than as mutually
exclusive approaches.

5.4. Evaluation of Measurement Reliability

To ensure the measurement reliability in the dual-mode standardization framework,
establishing a unified guideline for uncertainty evaluation is important. Such a guideline
should comprehensively govern both Type A and Type B standards.

The guideline integrates key metrological requirements in an ascending hierarchy of
rigor. This includes:

1. Mandatorily reporting and disclosing specific measurement methods and procedures
that are used (whether standardized or non-standardized), providing the baseline for
uncertainty component analysis;

2. Rigorously evaluating method and procedure validity and cross-laboratory measure-
ment consistency assurance (e.g., through round-robin testing);

3.  Systematically analyzing deviations from reference values when using certified refer-
ence materials or industrial reference materials to quantify measurement uncertainty,
thereby executing traceability path construction.

While fully operationalizing such a comprehensive guideline remains a challenge
for future independent research, step-by-step embedding requirements for uncertainty
evaluation within Type A standards is crucial as a major contribution to the development
of metrology and the field of emerging materials.

5.5. Strategic Implications for Standardization

In applied science-oriented research institutions, accelerating the market deployment
of research outcomes has become an increasingly important R&D strategy. Standardization
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is now widely recognized as a key mechanism supporting this transition by enhancing
comparability, harmonization, and market confidence. This study provides a conceptual
framework for understanding how dual-mode standardization supports the transition
from emerging research outcomes to functioning markets through structured material
specifications. Such deployment-oriented research has also been discussed in the context of
synthetic R&D, which integrates scientific and technological outcomes with stakeholder
needs to facilitate societal and industrial implementation [19].

For emerging material systems, excessive reliance on Type B standards in early-
stage markets may reduce flexibility for technological differentiation by fixing predefined
characteristic values and acceptance criteria before technologies and applications become
sufficiently stabilized. In such contexts, Type A standards may provide a practical basis for
comparability and early market formation.

For mature material systems, standardization strategies may benefit from perspectives
beyond purely compliance-oriented approaches. By recognizing the continuing role of
Type A functions, Type B-based systems can support not only certification but also the
ongoing refinement of product specifications in response to technological progress and
evolving market demands.

Manufacturers of emerging materials may adopt independently developed, Type A-
aligned, or Type B-aligned product specifications according to technological maturity, target
applications, market conditions, and certification requirements. The effectiveness of stan-
dards depends not only on their existence, but also on their strategic selection and industrial
implementation. Standardization therefore functions not merely as a prescriptive system,
but as an adaptive framework whose value depends on effective industrial adoption.

Overall, standardization in emerging material systems may be understood as an
adaptive coordination framework balancing comparability, compliance, and innovation
across different phases of technological and market maturity.

6. Conclusions

This study proposes a complementary perspective on standardization in emerging
material domains as a framework linking industry, standards development organizations
(SDOs), and markets for organizing measurement-based information in market evalua-
tion and decision-making. The analysis suggests that Type A and Type B specifications
function as complementary components of standardization. In Type A systems, market
acceptance decisions are based on the comparative evaluation of characteristic data relative
to manufacturer-declared values, whereas in Type B systems they are based on conformity
assessment against predefined criteria.

This perspective broadens prevailing compliance-oriented interpretations of standard-
ization by suggesting that comparability and compliance fulfill distinct but complementary
market functions. Excessive reliance on Type B standards in early-stage emerging mate-
rial markets may reduce flexibility for technological differentiation by fixing predefined
acceptance criteria before technologies and applications are sufficiently stabilized. In such
contexts, market decisions are often based not only on pass/fail conformity, but also on
the ability of stakeholders to compare, interpret, and trust measurement results across
suppliers and users.

Type A-based systems may provide important conditions for early-stage market
acceptance by establishing comparability through shared measurement frameworks, in-
cluding standardized data formats, uncertainty evaluation, and transparent representation
of measured characteristic values. These structures can facilitate informed decision-making
under uncertain conditions while preserving flexibility for technological differentiation
and continued innovation.
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Overall, standardization may be understood as an adaptive framework that structures
how information is disclosed, interpreted, and validated, enabling the transition from
early market entry to sustained market acceptance. This framework may provide a basis
for adaptive standardization strategies aligned with different phases of technological and
market maturity.
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Abstract

Acoustic emission (AE) monitoring in metal additive manufacturing (AM) requires compact
sensors capable of high-frequency operation, broad bandwidth, and high sensitivity. How-
ever, increasing structural stiffness to achieve high resonance frequencies typically reduces
electromechanical sensitivity. This work presents a finite element study of a coupled-
resonator capacitive micromachined ultrasonic transducer (CMUT) designed to address
this trade-off. The proposed architecture integrates three mechanically coupled silicon
membranes with a stepped capacitive cavity that increases capacitance while preserving
structural stiffness, enabling enhanced sensitivity without compromising high-frequency
operation. COMSOL Multiphysics simulations were used to evaluate modal characteristics
and frequency response under DC pre-stressed conditions. Modal coupling produced
closely spaced resonances that broadened the effective bandwidth, while the stepped cav-
ity significantly increased voltage output through improved electromechanical coupling.
Compared to a single-resonator flat-cavity design, the coupled stepped-cavity configura-
tion demonstrated nearly a threefold enhancement in output voltage while maintaining
operation near 100 kHz. Additionally, adjusting the central resonator length enabled
controlled frequency tuning for scalable array implementation. These results establish
a proof of concept for a high-frequency, high-sensitivity micro-electro-mechanical sys-
tems (MEMS) CMUT architecture suitable for distributed AE monitoring in advanced
manufacturing environments.

Keywords: CMUT, coupled-resonators; acoustic emissions; additive manufacturing;
sensitivity; bandwidth; COMSOL

1. Introduction

Acoustic emission (AE) is a passive nondestructive testing (NDT) technique that en-
ables real-time monitoring of damage evolution in structures and is increasingly explored
for qualification and structural health monitoring of additively manufactured (AM) compo-
nents [1,2]. AE signals are transient elastic waves produced by the rapid, localized release
of strain energy, such as during microcrack initiation, crack growth, delamination, or plastic
deformation under external stimuli (e.g., loading, pressure, or temperature) [3,4]. In AM,
process-induced defects can degrade mechanical performance and introduce variability
that is not reliably captured by visual inspection alone. As a result, AE has been proposed
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for in-process defect detection and for linking acoustic signatures to process parameters
and resulting mechanical behavior [5].

Although conventional AE systems have demonstrated strong capability in laboratory-
scale damage monitoring [6], their performance in complex and dynamic manufacturing
environments remains constrained by sensor size and coupling dependence [7]. Beyond
deployment constraints, effective AE monitoring in AM requires sensors with sufficient
bandwidth, high sensitivity, and adequate spatial density to ensure reliable source localiza-
tion and defect characterization [8,9].

As AM environments demand higher spatial resolution, broader frequency capture,
and improved integration capability, the scalability of traditional AE hardware becomes
a limiting factor. Addressing these requirements necessitates sensing platforms that are
inherently compact, array-compatible, and fabrication-scalable, characteristics more readily
achieved through microfabrication technologies. In this context, micro-electro-mechanical
systems (MEMS) transducers offer a fundamentally different implementation paradigm
for AE detection. MEMS technologies are widely utilized across various applications,
including microswitches [10,11], sensing platforms [12-14], and emerging edge-computing
devices [15-17]. Among MEMS-based sensing technologies, several acoustic and ultra-
sonic implementations have been explored for structural monitoring and high-frequency
detection. Piezoelectric micromachined ultrasonic transducers (PMUTs) offer broadband
response, low-voltage operation, and CMOS compatibility, enabling compact sensing
platforms [18]. MEMS Lamb-wave and bulk acoustic wave sensors have also demon-
strated high-frequency guided-wave sensitivity for damage detection in miniaturized
formats [19,20]. Furthermore, MEMS microphone technologies provide high sensitivity,
wide dynamic range, and scalable array integration adaptable to ultrasonic monitoring
applications [21,22]. Collectively, these advances highlight the potential of MEMS acoustic
sensing architectures for compact, scalable, and distributed monitoring systems. Among
MEMS acoustic technologies, capacitive micromachined ultrasonic transducers (CMUTs)
have emerged as particularly compelling candidates for high-frequency sensing appli-
cations. Recent work has emphasized the importance of enhancing signal-to-noise ratio
(SNR) and sensitivity in such sensors through optimized device design, improved pack-
aging strategies, advanced signal processing techniques, and refined structure—sensor
coupling mechanisms [23]. Another work demonstrates the feasibility of using CMUTs for
ultrasound-based NDT across various metals and alloys. The results confirm that properly
packaged CMUTs provide reliable coupling and broadband performance, supporting their
suitability for material inspection and industrial monitoring applications [24]. Addition-
ally, scaling these platforms has enabled 1024-element 2D arrays with custom ASICs and
local preamplifiers, overcoming routing bottlenecks, improving sensitivity, and enabling
high-resolution 3D beamformed imaging with deep penetration, demonstrating the clinical
and industrial viability of highly integrated systems [25].

Prior studies have reported a circular membrane capacitive AE sensor with a sensitiv-
ity of —30.8 dB, a signal-to-noise ratio of 35.7 dB, and a minimum detectable signal level
of 6.2% at 2.8 MHz [26]. Other work has demonstrated a CMUT linear array achieving
transmitting and receiving sensitivity of 146.82 dB and —229.55 dB at 1 MHz [27], high-
lighting the feasibility of CMUT-based sensing for high-frequency applications. In contrast,
the proposed design focuses on enhancing both output voltage and bandwidth through
the combined effects of resonator coupling and stepped-cavity geometry. While this study
is a proof of concept, the results demonstrate a significant relative improvement (up to
~3x increase in output voltage) compared to a baseline single-resonator configuration,
indicating strong potential for competitive performance once experimentally validated.
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All the modeling was conducted using COMSOL Multiphysics 6.2 commercial finite
element software (COMSOL, Inc., Burlington, MA, USA). The modeling also shows the
effect of using a stepped-cavity design as opposed to the usual flat-cavity configuration.

2. Materials and Methods
2.1. (A) Basic Design

The design in this work utilizes a rectangular-based membrane as the vibrating ele-
ment when exposed to sound waves. Design characteristics are based on two elements:
resonator coupling and the stepped cavity. The purpose is to test the effect on the output
voltage and on the bandwidth of the microphone, as explained in Figure 1.

(A1) (B1)

(B83)

Figure 1. Design elements explored in this work. (A1) Flat-cavity CMUT design. (A2) 3D representa-
tion of a flat-cavity CMUT. (A3) 3D representation of a coupled flat-cavity CMUT. (B1) Stepped-cavity
CMUT design. (B2) 3D representation of a stepped-cavity CMUT. (B3) 3D representation of a coupled
stepped-cavity CMUT.

The goal of the stepped-cavity design is to achieve a larger capacitance since the
electrostatic gap is smaller at the edges of the design. The edges of the membrane experience
very little displacement, so reducing the thickness of the gap does not restrict the movement
of the membrane. Coupling between the resonators not only increases the capacitance of
the microphone but also its bandwidth without any large effect on the natural frequency
compared to a single resonator.

In this study, the rectangular membrane is made from silicon with a thickness of
0.5 pm. The mechanical properties used for silicon are Young’s modulus of 170 Gpa, a
density of 2329 kg/m?3, and a Poisson’s ratio 0.28. The membrane had a length of 200 um
and a width of 100 pm. These design parameters are chosen as initial values to evaluate
the stepped-cavity concept. The reduced gap region is introduced to enhance capacitance,
while the larger gap preserves structural stiffness and resonance characteristics. The design
will be further optimized based on experimentally validated models in future work.

When fixed at its sides, the resonator has a natural frequency of 100 kHz. The resonator
was employed in a three-coupled resonator configuration with a stepped-cavity design, as
shown in Figure 2.
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Figure 2. (A) Top view of the three-coupled resonator design. (B) Side view of the stepped-cavity
design for each resonator used in this work.

In order to see the effect of design variations, the effect of the length of the central
resonator on the frequency response was also studied. All comparisons in this study were
made on the same mesh.

2.2. (B) Modeling Approach: Electromechanical Modeling of the CMUT: Pre-Stressed
RC Configuration

COMSOL Multiphysics 6.2 was the main tool in this work. The eigenfrequency
study was performed to determine the natural frequency of the microphones and test the
performance of each design.

The CMUT will operate as a capacitor within a series RC circuit. The voltage source
of the circuit is a DC voltage that charges the capacitor and pre-stresses the membrane.
When the sound waves exert pressure on the membrane, an AC voltage is generated across
the CMUT (the capacitor) based on the amplitude of the vibrations caused by the sound
waves. The sound wave in the simulations has a sound pressure of 0.1 Pa and is modeled
as harmonic perturbations. A schematic of the modeling setup is shown in Figure 3.

The value of the voltage of the DC voltage source was chosen as the nearest integer
value before the pull-in event. We used the pull-in voltage as the criterion for selecting the
pre-stressing voltage, thereby providing a consistent framework for future development
of this concept; for the basic design, the DC voltage was 3 V. The resistor value was 1 k().
The damping was modeled using an isotropic loss factor of 0.01. The frequency sweep had
a 100 Hz resolution. These parameters were selected to provide a consistent comparison
framework and to simulate acoustic emission conditions within a reasonable computational
cost, while maintaining signal levels comparable to the detection thresholds reported for
sensors used in additive manufacturing applications [2].
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Figure 3. Modeling setup used in COMSOL Multiphysics showing the RC circuit formed using the
stepped-cavity CMUT as the capacitor in the circuit. (A) RC circuit without voltage application.
(B) The deflection of the membrane due to DC pre-stressing to charge the CMUT. (C) The application
of pressure (acoustic) waves on a pre-stressed CMUT and the absolute amplitude of the voltage
across it.

COMSOL Multiphysics was also used at this stage by performing a frequency domain
perturbation study on electrochemical MEMS problems using the electromechanical forces
interface that couples electrostatics and solid mechanics physics. This work was performed
on a desktop with an Intel 12900K processor and 32 GB of RAM.

3. Results
3.1. Effect of Resonator Coupling on Natural Frequencies

To investigate the influence of mechanical coupling on the dynamic behavior of
the device, the eigenfrequency analysis of the proposed coupled-resonator CMUT was
performed. The first three mode shapes are presented in Figure 4. A mesh independence

study was conducted using COMSOL automatic mesh settings, and the results are shown
in Table 1.

106.2 kHz 110.8 kHz

116.38 kHz

Figure 4. Mode shapes of the proposed coupled CMUT design: (A) first mode (106.2 kHz), (B) second
mode (110.8 kHz), and (C) third mode (116.38 kHz).
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Table 1. Mesh independence study for eigenvalue analysis of the coupled CMUT design using
COMSOL automatic meshing.

Mesh Size Type Count Natural Frequency (kHz)
Tetrahedral 7859

Normal - 116.06
Triangles 5964
Tetrahedral 20,283

Fine - 106.93
Triangles 14,518
Tetrahedral 115,333

Finer 106.2
Triangles 77,070
Tetrahedral 792,380

Extra-fine - 106.08
Triangles 522,812

As shown in Figure 4, the first three resonance frequencies are closely spaced. This
modal clustering is a direct consequence of the mechanical coupling between adjacent
resonators and is advantageous for bandwidth enhancement. The proximity of these modes
enables a broadened effective frequency response, thereby improving the operational
bandwidth of the microphone.

3.2. Comparison of CMUT Resonator Configurations

Figure 5 presents the normalized frequency response of four CMUT configurations:
single-resonator and coupled-resonator designs, each implemented with flat and stepped
cavities. For consistency, the flat-cavity thickness was fixed at 1.0 um. The comparison
highlights the influence of resonator coupling and cavity geometry on the voltage response
near resonance.

single resanator_ flat cavity

coupled resonators _flat cavity

——single resonator_stepped cavity —— coupled resonatars _ stepped cavity

20

Voltage [pV)
=
o

o

]
056 0.6 0.7 0.8 09 1 1,1 1.2 13 14 15 16

Normalized Freq.

Figure 5. Normalized frequency response comparison of four CMUT configurations: single-resonator
and coupled-resonator designs with flat and stepped cavities.

Figure 5 quantitatively demonstrates the performance enhancement achieved through
resonator coupling and stepped-cavity implementation. The single-resonator flat-cavity
configuration exhibits a peak voltage of approximately 6.75 1V at resonance. Introducing a
stepped cavity slightly improves the response, yielding a comparable peak of about 7 pV.

In contrast, the coupled-resonator flat-cavity design shows a substantial increase in
peak magnitude to approximately 16.5 1V, representing more than a twofold improvement
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compared to the single-resonator case. The highest performance is achieved with the cou-
pled stepped-cavity configuration, which reaches a peak voltage of approximately 21.5 1V,
corresponding to nearly a threefold enhancement over the baseline single-resonator flat-
cavity design.

Additionally, the coupled configurations exhibit a wider effective response region
around the normalized resonance frequency due to modal interaction, contributing to
bandwidth expansion. These results confirm that resonator coupling significantly enhances
sensitivity, while the stepped-cavity geometry provides further amplification. The combi-
nation of both design strategies yields a synergistic improvement in both voltage output
and operational bandwidth, making it the most advantageous configuration among the
four investigated cases.

3.3. Finer Mesh Comparison Between Single and Coupled Resonators

To verify the numerical stability and accuracy of the simulations, the frequency re-
sponse analysis was repeated in COMSOL using an automatically generated finer mesh for
both the single- and coupled-resonator designs with stepped-cavity configurations. The
normalized frequency results are presented in Figure 6.
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Figure 6. Normalized frequency response obtained using a finer mesh for stepped-cavity single and
coupled CMUT resonators.

As shown in Figure 6, the overall trend remains consistent with the results presented
in Figure 5. The coupled-resonator configuration continues to exhibit a significantly higher
peak voltage compared to the single-resonator design. With the finer mesh, the peak voltage
of the coupled resonator is approximately 20 1V, compared to about 21.5 uV obtained with
the standard mesh. This minor variation is attributed to the improved spatial resolution of
the structural and electrostatic fields.

Importantly, the relative enhancement between single and coupled resonators re-
mains unchanged, confirming that the observed performance improvement is not a mesh-
dependent artifact. The preservation of both the resonance frequency location and the
amplitude enhancement trend demonstrates that the results are mesh-convergent and
numerically reliable.
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3.4. Effect of the Dimensions of the Central Resonator

The effect of varying the length of the central resonator on the modal frequencies of
the coupled CMUT MEMS microphone is illustrated in Figure 7. As the central resonator
length increases from 170 pm to 230 um, a significant shift in the modal frequencies is
observed, particularly in the first and third modes.

Ghange Value Central resonator FrequeneyikHiz
Length (um) 1st mode 2nd mode 3rd mode
Cr

170 111.39 1143 14678
[ 180 110.89 nm122 13418
180 109.86 11102 123.34
200 1062 1079 116.38
210 99,194 110.54 114.04
220 o172 1024 11331
| 230 84.817 109.88 1312.98

Figure 7. Effect of central resonator length (170-230 um) on the first three modal frequencies of
the stepped-cavity coupled CMUT MEMS microphone. The first and third modes exhibit a strong
inverse relationship with resonator length, while the second mode remains nearly constant, indicating
different modal sensitivities to structural scaling.

To further illustrate the dynamic behavior, the frequency responses (using a finer
mesh for improved accuracy) of the 190 um, 200 um, and 210 pm designs are presented in
Figure 8. The resonance peaks clearly shift toward lower frequencies as the central resonator
length increases. The 190 um design exhibits a dominant peak near ~102.5 kHz, while the
200 um and 210 pm designs shift toward ~98.5 kHz and ~89 kHz, respectively. Additionally,
changes in peak amplitude and bandwidth can be observed, reflecting variations in modal
coupling and effective stiffness. These results confirm that the central resonator length
provides an effective tuning parameter for controlling the primary resonance frequency
without significantly disturbing the second mode, enabling flexible frequency tailoring of
the stepped-cavity coupled CMUT microphone.
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Figure 8. Frequency responses of the stepped-cavity coupled CMUT MEMS microphone for central
resonator lengths of 190 um, 200 um, and 210 pum (finer mesh simulation). Increasing the central
resonator length shifts the dominant resonance peak toward lower frequencies, demonstrating
effective mechanical tuning of the device.
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4. Discussion

The performance enhancement observed in this work stems from the combined effects
of resonator coupling and stepped-cavity geometry. While both design modifications in-
crease capacitance, they influence device behavior through different physical mechanisms.

The stepped cavity improves electromechanical sensitivity by reducing the electrostatic
gap at the membrane edges, where displacement is minimal. This increases capacitance
without significantly altering structural stiffness, leading to higher output voltage while
preserving resonance characteristics. In contrast, mechanical coupling primarily affects the
dynamic response. The interaction between adjacent resonators produces closely spaced
modes, resulting in a broader effective bandwidth and higher voltage response due to
increased vibrating area and modal interaction.

Adjusting the length of the central resonator provides an effective tuning mechanism.
Increasing its length lowers the primary resonance frequency while minimally affecting the
intermediate mode, indicating that different modes are governed by different stiffness and
coupling contributions. The emergence of secondary peaks in longer configurations sug-
gests the possibility of multi-band operation, which could be advantageous for broadband
AE detection.

Once this design is fabricated and the model is experimentally validated, several
parameters will be evaluated, including SNR, residual stresses, crosstalk, and uncer-
tainty quantification, as these cannot be fully captured within the current simulation
framework. Additionally, fabrication tolerances, thermal effects, and noise sources are
expected to influence device performance and will be systematically investigated in future
experimental studies.

Overall, the coupled stepped-cavity architecture offers a practical strategy to simulta-
neously enhance sensitivity and bandwidth while maintaining geometric scalability. These
characteristics make the proposed design particularly suitable for compact and distributed
AE monitoring systems in AM environments.

5. Conclusions

This work presented a finite element study that is focused on developing a coupled-
resonator CMUT that can have enhanced performance in terms of output voltage and
frequency bandwidth while remaining within the same desired frequencies.

This work provides proof of concept for a MEMS microphone that can be used for
the detection of AE for applications in areas such as in situ diagnosis of metal AM and
structural health monitoring.

Future work includes the fabrication and testing of MEMS microphones based on
this design methodology, developing experimentally verified models that can be used to
further design exploration and optimization.
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Abstract

A cost-effective and practical method for characterizing the dielectric properties of liquids
at 1 MHz is presented in this article. A cylindrical parallel-plate capacitive sensor was
developed, in which the circular end plates function as electrodes and the sidewall is
formed by a thin polyvinyl chloride ring cut from a standard water pipe to enclose the
liquid sample. Dielectric constant values of air, distilled water, ethanol, and methanol were
determined through analytical calculations, electromagnetic simulations, and experimental
measurements at 1 megahertz. Consistent results were obtained across all methods, and
the extracted values were found to agree well with theoretical values, yielding extraction
errors of 0.06% for methanol and 1.85% for ethanol with respect to theoretical values from
the literature. A calibration technique was applied in which air and water were used as
reference materials with known dielectric constants, effectively mitigating uncertainties
associated with sensor geometry, spacer material, and fringing fields. Through this work,
a practical and effective technique for dielectric characterization at low frequency has
been demonstrated, with core validation of four reference materials (air, deionized water,
ethanol, and methanol) at 1 MHz and an additional application example in which cow’s
milk is characterized over 10-30 MHz. The 10-30 MHz measurement demonstrates the
applicability of the proposed method in the low megahertz region, while the primary vali-
dation is conducted at 1 MHz. The technique is applicable to a wide range of applications
in materials science, chemical, and biomedical engineering.

Keywords: capacitance measurement; parallel-plate capacitor; dielectric constant; calibration

1. Introduction

Permittivity measurements are essential for characterizing dielectric properties of
materials, with important applications in material science, food science, chemistry, biology,
and biomedical engineering [1-5]. This material parameter quantifies a material’s ability
to store electrical energy within an electric field. By measuring relative permittivity—also
referred to as dielectric constant—over a wide frequency range, dielectric spectroscopy has
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been effectively applied in the food industry for quality control processes [6,7]. A compre-
hensive review of dielectric measurement techniques across different frequency ranges,
including low-frequency methods, broadband spectroscopy, and high-frequency imaging,
is presented in [8]. The frequency range of interest varies depending on the specific appli-
cation and the physical phenomena used to characterize the material under test (MUT).

Although sensors operating in the optical frequency range, such as near-infrared
spectroscopy, offer high sensitivity, their limited penetration depth makes them unsuitable
for characterizing bulky MUTs [9,10]. To characterize MUTs based on the presence of polar
or non-polar molecules, the relevant phenomenon is dipolar or orientational polarization
dominating in the microwave frequency range. Various measurement techniques have
been reported in the literature to capture this effect. For example, ref. [11] proposed a
resonance-based method that detects material property changes by observing shifts in the
sensor’s resonant frequency, offering high sensitivity. However, this approach relies on
a single frequency point. For applications requiring permittivity characterization over a
broad radio and microwave frequency range, the techniques are typically based on coaxial
waveguides or transmission line-based test cells [12-14]. Another type of broadband dielec-
tric spectroscopy sensor uses the free-space technique, where antennas transmit and receive
RF or microwave signals through the MUT. However, this method is prone to external
noise, making it challenging to maintain accuracy due to environmental influences [15].

For composite materials and biomedical samples, sensing is typically performed
at lower megahertz frequencies. The dominant physical phenomenon in this frequency
range is interfacial polarization, which occurs when charges accumulate at the interfaces
between different materials or phases within a composite. This effect diminishes as the
frequency exceeds its natural resonance. Blande et al. [16] presented a low-frequency
capacitive sensor designed to detect the void fraction of dielectric fluids in industrial
applications. The study compares three electrode configurations: rod, concave, and parallel
plate—and demonstrates that the parallel plate design, combined with a guard electrode
and a high-dielectric-constant insulating material, provides the highest sensitivity. The
authors attribute this to the uniform electric-field distribution and enhanced capacitance
response enabled by the chosen materials and geometry.

Despite its simplicity, commercial capacitive sensing systems are often expensive,
making them less accessible for small research labs and universities. In addition, a major
challenge lies in the accuracy of the measurement, which is affected by fringing electric
fields at the edges of the sensing electrodes. In commercial parallel-plate capacitance test
fixtures, the fringing effect is typically compensated by using a guard electrode. This addi-
tional electrode is integrated coplanar to the sensing electrode and maintained at the same
potential. By doing so, the guard electrode eliminates electric-field coupling at the edges,
effectively preventing fringing fields from contributing to the measurement results [16-18].
The electric field between the driving electrode and the low-potential electrode remains
straight and uniform near the electrode edges due to the presence of a guard electrode.
While this is an effective way to eliminate fringing effects from the measured capacitance,
the inclusion of a guard electrode increases system complexity. Specifically, the guard
electrode must be held at the same potential as the sensing electrode, requiring additional
circuitry such as a high-input-impedance voltage follower to prevent current draw. Fur-
thermore, a specially designed fixture incorporating the guard electrode is needed. Due
to these requirements, implementing this accuracy-enhancement technique entirely from
scratch poses significant challenges in an educational or small laboratory setting.

In another study, Piuzzi et al. [19] designed and experimentally characterized a parallel-
plate admittance cell, introducing a method to mitigate fringing-field effects using a cor-
rection factor derived from electromagnetic simulations of the sensor configuration. Their
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admittance cell is compatible with standard LCR meters, including two-terminal devices,
and does not require a guard electrode. However, constructing the admittance cell requires
precision machining of its components, making it too complex for in-house development
or educational purposes. Another limitation is that the correction factor used to mitigate
fringing effects must be derived from electromagnetic simulations. This means that any
change in geometry or material of the admittance cell requires a new round of simulations
to determine an appropriate correction factor. Moreover, limited access to commercial
electromagnetic simulation software can present a practical challenge for small laboratories
seeking to adopt this approach.

This paper presents a novel and low-frequency dielectric measurement approach
using a low-cost cylindrical capacitive sensor (CCS). The study focuses on four non-ionic
substances—air, deionized water (DI water), ethanol, and methanol—demonstrating the
effectiveness of capacitance-based measurements for determining their dielectric constant
at 1 MHz. Air and water, with well-known dielectric constants, are used as calibration
standards to eliminate the effects of fabrication tolerance, parasitic capacitance, and fringing
tields at the electrodes” edges. The proposed CCS is easy to fabricate in-house using readily
available materials like a PVC spacer, cut from a standard water pipe, and circular copper
plates cut from a copper sheet. This low-cost construction requires no precision machining,
and exact cell dimensions are not critical, as calibration compensates for fabrication toler-
ances. Capacitance is measured using an LCR meter, and the dielectric constant of the MUT
is extracted from the measured values. The proposed design, combined with this straight-
forward calibration method, enables the creation of an effective low-frequency capacitive
sensor for liquids at minimal cost. Furthermore, the calibration approach allows flexibility
in MUT volume, as reliable permittivity extraction is independent of the test cell’s physical
size and dielectric properties of the spacer. In this work, the CCS is validated at 1 MHz
using four reference materials (air, deionized water, ethanol, and methanol), representing
the lower megahertz region of interest. In addition, a frequency-swept measurement from
10 to 30 MHz is presented for cow’s milk to demonstrate the applicability of the sensor
concept beyond 1 MHz.

2. Materials and Methods
2.1. Theoretical Background
By assuming a homogeneous electric field between the electrodes, the capacitance Cp,

of a parallel-plate capacitor can be expressed as follows:

&r-€0-A
Cpc == ; (1)

where g is the permittivity of free space, a physical constant with an approximate value of
8.854 x 10712 F/m; ¢, is the dielectric constant of the material filling the gap between the
two electrodes of the parallel-plate capacitor; d is the spacing between the electrodes; and
A is the area of each electrode plate. In the ideal case, the dielectric constant specific to the
type and composition of the MUT can easily be extracted.

In practical measurements, the total measured capacitance consists of three compo-
nents: the capacitance contributed by the MUT sandwiched between the electrodes, the
fringing-field capacitance at the electrode edges, and the parasitic capacitance from con-
necting wires and other elements of the admittance cell. The measured capacitance can be
expressed as follows:

Cineas = CMUT + Cfr =+ Cp (2)

where Cjeq5 is the total capacitance measured by the instrument, Cyyyt is the contribution
from the MUT, Cp, is the fringing-field capacitance, and Cp, is the parasitic capacitance of the
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admittance originating from peripheral structures like connecting wires that connect the
electrodes of the capacitor to the measurement equipment. Figure 1 shows an illustration
of a typical parallel-plate capacitor configuration with all capacitive components from
Equation (2). Blue electric field lines in the figure depict the homogeneous electric field
between the electrode plates. The green lines represent the fringing electric fields at the edge
of the electrodes. Finally, the red lines illustrate the electric field lines of parasitic capacitance
originating from the connecting wires of both electrode plates. For the extraction of MUT’s
dielectric constant, it is important to extract Cyyy;r from the measured value. The procedure
for this extraction is described in Section 3.2.

Fringing capacitance

Parasilic capacitance { \I Parasitic capacitance
{—\)

LY \‘.__.7 T
s . [N
Parasitic capacitance ‘-.\‘“‘ / Parasitic capacitance

Fringing capacitance

Figure 1. Components of the measured capacitance, including contributions from the MUT, fringing
fields, and parasitic capacitance from the connecting wires. Arrows indicate the instantaneous electric
field direction, and colors represent the different capacitive contributions.

2.2. Sensor Structure and Fabrication

Our proposed test cell is a cylindrical-shaped parallel-plate capacitive sensor designed
for dielectric liquid characterization. It comprises two circular electrodes made from
0.1 mm-thick copper sheets, positioned parallel to each other and separated by a cylindrical
spacer constructed from a PVC hollow section cut from a commercially available water
pipe, effectively defining the active sensing area and maintaining a fixed distance between
the electrodes. The PVC spacer has an inner diameter of 20.2 mm, an outer diameter
of 26 mm, and a height of 3.22 mm. This PVC section also serves as the side wall of
the cylindrical container for the MUT with a sample volume of approximately 1.03 mL.
The height of the spacer corresponds to the electrode separation distance, denoted as 4,
as found in Equation (1). Circular geometry is chosen for a more uniform electric field
distribution between the plates and to reduce edge effects, which can introduce inaccuracy
in the capacitance measurement. The proposed CCS is employed in both electromagnetic
field simulations using ANSYS Q3D Extractor 2025 R2 (Ansys Inc., Canonsburg, PA, USA)
and experimental measurements using an Agilent 4285A LCR meter (Agilent Technologies,
Penang, Malaysia). An illustration of the CCS with all geometrical dimensions is shown in
Figure 2, and the fabricated sensor is presented in Figure 3a,b. The copper electrodes were
aligned coaxially on either side of the PVC spacer and bonded using a thin adhesive layer
to ensure mechanical stability, maintain a uniform electrode separation, and prevent liquid
leakage during measurements. The adhesive was applied only at the electrode periphery
to minimize any influence on the effective sensing region.

The CCS incorporates a 1 mm inlet and a vent, implemented as small through-holes
drilled in the PVC spacer, to ensure bubble-free filling of the sensing region with the MUT.
The liquid is introduced using a needle and a syringe, while the vent enables trapped air to
escape during injection. This design enhances accuracy and repeatability, as air bubbles
disturb the electric field distribution and cause unstable measurements.
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3.22mm

20.20 mm 26.00 mm

MUT inlet —'

Figure 2. Geometry and dimensions of the proposed cylindrical capacitive sensor (drawing not to
scale). The dashed line denotes the inner radius of the PVC spacer.

Figure 3. (a) Photograph of the fabricated cylindrical capacitive sensor (CCS) with connecting wires
soldered to the circular electrodes. (b) Side view of the CCS sensor arrangement showing the sensor
body and the two connecting wires.

The materials under test were air, DI water, ethanol, and methanol. DI water used
for the experiments was laboratory-grade DI water (Puricare, Samut Prakan, Thailand),
specified to be clear and colorless with pH 5.5-7.0 at 25 °C with a low electrical conductivity
in the order of a few uS/cm, according to the manufacturer. Ethanol used in the experiments
was high-purity analytical-grade reagent (assay > 99.9% by gas chromatography, water
content < 0.2% by coulometry). Methanol (CH3OH, >99.8% purity, analytical grade) was
likewise used as received without further processing.

2.3. Mathematical Modeling

In Section 2.1, the general operating principle of a parallel-plate capacitive sensor
was introduced, where the measured capacitance arises from the dielectric material placed
between two electrodes and additional contributions from fringing electric fields and
measurement-related parasitics. Building on this foundation, the mathematical model
is now extended to reflect the specific geometry and materials of the proposed sensor
described in Section 2.2.

Due to the PVC sidewall from Figure 2, the measured capacitance value consists of
multiple capacitive components. Accordingly, the measured capacitance can be expressed
as follows:

Cimeas = Cpur + Cpr + Cp + Cpyc 3)

where Cyyyr represents the capacitance contribution from the liquid-filled region, Cpyc
accounts for the contribution of the PVC sidewall, C, represents the fringing-field capaci-
tance due to finite electrode dimensions, and C, includes parasitic capacitances associated
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with connecting wires, connectors, leads, and the test fixture. In the experimental setup,
Cs was minimized by applying OPEN and SHORT compensation at the ends of the
two-wire connections of the CCS using the LCR meter. This procedure effectively shifts the
reference plane of the measurement to the electrode terminals of the sensor. Consequently,
the parasitic contribution is assumed to be negligible in the analytical formulation, and the
sensor capacitance can be approximated as follows:

Cieas = Cymur + Cpr + Cpyc 4)

2.3.1. Capacitance Contribution of the MUT

Since the circular electrodes fully cover the outer diameter of the PVC spacer, the
effective sensing region can be approximated as a liquid-filled core bounded by the inner
diameter of the PVC spacer. Under this assumption, the capacitance contribution of the
MUT is therefore modeled using the parallel plate approximation as follows:

A
Cmur & €,MuTEO AZUT ®)
where

g, mur is the dielectric constant of the MUT;

d is the height of the PVC spacer; and

Apmur is the base area of the MUT cylinder with

Apmur =71 ( Din > 2 (6)

2
where D;, is the inner diameter of the PVC spacer.

2.3.2. Capacitance Contribution of the PVC Spacer

In addition to the liquid-filled core region, the annular region between the inner and
outer diameters of the spacer is occupied by rigid PVC and lies within the electric field
established between the electrodes. Because the electrodes extend to the outer diameter
of the PVC spacer, this annular region contributes an additional capacitance that can be

approximated as follows:

A
Cpvc = &,pvceo gm )

where
g;, pyc is the dielectric constant of rigid PVC;
d is the height of the PVC spacer; and
Augny is the area of the annular region with

() - (%)

with Doy, and D, as the outer and inner diameters of the PVC spacer.

Agin =70

®)

2.3.3. Treatment of Fringing Capacitance

Due to the finite dimensions of the circular electrodes, fringing electric fields are
inevitably present at the electrode edges and extend partially into the surrounding air. The
resulting fringing capacitance, denoted as Cy,, depends on the detailed three-dimensional
field distribution and MUT’s property. Thus, Cy, cannot be expressed in a closed analytical
form for the present geometry. Instead, it is assessed indirectly through comparison
between analytical predictions, numerical simulations, and experimental measurements,
which will be discussed in detail in Section 3.
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2.3.4. Final Analytical Expression

Based on the above considerations, the total capacitance for the proposed CCS config-
uration is modeled as follows:

A A
Cccs = &,mur€o z\gm +&,pvceo Znn +Cpr 9)

This analytical formulation provides a physically intuitive description of the sen-
sor behavior and serves as a baseline for comparison with numerical simulations and
experimental measurements presented in the subsequent sections.

2.4. Numerical Modeling and Simulation

Numerical simulations were performed using ANSYS Q3D Extractor, which employs
three-dimensional quasi-static electromagnetic field solvers for the extraction of resistance,
inductance, capacitance, and conductance matrices. This approach is well-suited to elec-
trically small, low- to mid-frequency interconnect and capacitive structures, where wave
propagation effects can be neglected.

The three-dimensional geometry of the capacitive sensor was modeled according to
the dimensions described in Section 2.2. The circular copper electrodes and the PVC spacer
were explicitly included in the model, as shown in Figure 4. To emulate an unbounded en-
vironment, the sensor was enclosed within a surrounding air region whose outer boundary
was placed at least five times the spacer outer diameter away from the structure so that the
electric field decayed to negligible levels before reaching the computational boundary.

MUT inlet

Copper electrode

PVC spacer

Copper electrode

Figure 4. Three-dimensional geometrical model of the proposed CCS used in numerical simulations,
showing the circular copper electrodes and the PVC spacer with the MUT inlet and the vent.

A floating reference at infinity was applied during matrix reduction to avoid artificial
grounding effects and to retain only the coupling between conductors. Under this condition,
the terminal capacitance between the two electrodes was extracted from the reduced
capacitance matrix and interpreted as the two-terminal capacitance corresponding to the
LCR meter measurement. This procedure ensures direct comparability between numerical
simulation, analytical modeling, and experimental measurements.

The electrodes were modeled as perfect electric conductors. The surrounding region
was defined as air with a dielectric constant of ¢, = 1. The PVC spacer was assigned
a dielectric constant of ¢, pyc = 3.2 [20-24], consistent with reported values at low fre-
quencies near our operating frequency of 1 MHz. The MUTs in this study were air, DI
water, ethanol, and methanol. In numerical simulations, DI water was modeled with
a dielectric constant of €, water = 80.1 [25,26] at the temperature of 20 °C. Ethanol and
methanol were modeled using dielectric constant values of &, ¢fhanol = 24.3 [27-30], and
€; methanol = 33.1[31,32] at 20 °C, respectively.

Capacitance extraction was performed at a single frequency point of 1 MHz in both
simulations and experimental measurements. The default adaptive meshing strategy in
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ANSYS Q3D was employed, with the solver iterating until the relative change in extracted
terminal capacitance between subsequent passes was below 1%, thereby ensuring conver-
gence of the solution. The converged terminal capacitance values obtained at 1 MHz were
then used for subsequent comparison with analytical predictions and experimental results.

2.5. Measurement Procedure

Capacitance measurements were performed using the LCR meter configured in a
two-terminal measurement arrangement. The instrument was operated in the parallel
capacitance mode, which is appropriate for low-loss capacitive structures at the selected op-
erating frequency. The liquid measurements at 1 MHz were conducted at 20 1 °C, which
was verified using a glass thermometer immediately before loading each liquid sam-
ple into the CCS. This temperature condition is consistent with the value used in the
numerical simulations.

Prior to measurement, OPEN and SHORT compensation were performed using the
same two-wire connection as for the CCS. During OPEN calibration, the measurement
leads were left unterminated to account for stray capacitances, whereas SHORT calibration
was carried out with the terminals shorted to compensate for residual series impedance
of the leads and connections, as shown in Figure 5. This procedure effectively removes
lead- and fixture-related parasitic effects and shifts the electrical reference plane to the
sensor electrodes, ensuring that the measured capacitance corresponds primarily to the
CCS. OPEN and SHORT compensation was performed on the connecting wires prior to
soldering them to the CCS electrodes. For the OPEN calibration, the free ends of the wires
were left unterminated, while for the SHORT calibration, the same wire ends were directly
shorted using a small socket. After completing both calibration steps, the wires were
soldered once to the CCS electrodes and were not subsequently desoldered or re-soldered.
This procedure minimizes the risk of contact degradation and avoids additional parasitic
effects associated with repeated soldering.

i "' cos not yet connected

OPEN calibration SHORT calibration

LCR Meter LCR Meter
Test fixture connected . . Test fixture connected
to CCS electrodes to CCS electrodes

(@) (b)

Figure 5. (a) OPEN and (b) SHORT calibration configuration of the LCR meter using a two-wire
connection, with the measurement leads disconnected from the CCS. The connecting wires are colored
red and blue to represent different electrical potentials.

After OPEN and SHORT compensation, the CCS was filled with MUT, and capacitance
readings were recorded once the displayed value stabilized, as shown in Figure 6. Separate
measurements were carried out for air, DI water, ethanol, and methanol under identical
measurement conditions, and the stabilized capacitance values obtained from the LCR
meter were used for subsequent comparison with analytical predictions and numerical
simulation results. To evaluate repeatability of the measurement setup, five consecutive
measurements were performed for each base material (air, DI water, ethanol, and methanol)
at 1 MHz. Parallel capacitance C, and dissipation factor D were recorded using the LCR
meter operated in C,—D mode. OPEN-SHORT compensation was applied at the end of the
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two-wire connection prior to all measurements, thereby shifting the reference plane to the
CCS electrodes.

T Mgl ATBEA Tt amn

QL

LCR Meter

Test fixture connected
to CCS electrodes

(@) (b)

Figure 6. Illustration (a) and photograph (b) of the experimental capacitance measurement setup
for MUT characterization. The sensor was filled with MUT and connected to the LCR meter for the
determination of the capacitance value.

3. Results and Discussion

This section presents and discusses the analytical, numerical, and experimental results
obtained using the proposed CCS. First, analytically calculated capacitance values derived
from (9), neglecting fringing capacitance, are presented to establish a theoretical baseline.
Next, simulation results obtained using ANSYS Q3D Extractor are reported and compared
with the measurements. Finally, the dielectric constants of the MUT extracted using the
analytical and calibration-based methods are compared.

3.1. Capacitance Comparison

Capacitance values from simulation, calculation, and measurement are summarized
in Table 1. The calculations were performed using known geometrical parameters of the
CCS and literature-reported dielectric constants of the MUTs. Fringing electric field effects
and higher-order parasitic contributions were not explicitly included in the analytical
model. Therefore, the calculated capacitance represents an idealized approximation of the
CCS response.

For all MUTs, the simulated results show small deviations from the measurements.
These discrepancies are attributed to fringing fields, fabrication tolerances (e.g., spacer
thickness and electrode alignment), and residual parasitic effects in the experimental setup
that are not fully captured in the simulation model. The calculated values are consistently
lower than both simulation and measurement results because the analytical model neglects
fringing fields. Overall, the close agreement among calculated, simulated, and measured
capacitance values across MUTs with markedly different dielectric constants demonstrates
the robustness and reliability of the proposed CCS.

Table 1. Capacitance values of the CCS loaded with different MUTs.

MUT Simulated (pF) Calculated (pF) Measured (pF)
Air 291 2.73 2.75
DI water 72.56 72.39 72.82
Ethanol 23.76 23.25 23.78
Methanol 31.43 31.03 31.21
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Table 2 summarizes the means and standard deviations of Cj, and the dissipation factor
D extracted from five repeated measurements. The relatively small standard deviations for
Cp and D confirm repeatability of the measurement and support the applicability of the
model used in the subsequent relative permittivity extraction.

Table 2. Statistical summary of five repeated measurements at 1 MHz. including mean £ sample
standard deviation using the LCR meter operated in C,~D mode after OPEN-SHORT compensation.

MUT Cy (pF), Mean + SD D (Mean =+ SD)
Air 2.75251 £ 0.00032 0.012602 =+ 0.000053
DI water 72.81522 £ 0.00819 0.1230144 4= 0.000143
Ethanol 23.77860 £ 0.00700 0.087424 =+ 0.000439
Methanol 31.21012 + 0.00190 0.0600022 4= 0.0000145

From the experimentally measured capacitance values, the dielectric constant of the
MUT can be extracted either through analytical calculation or via a calibration-based
approach. In the latter, the capacitance of the CCS is measured when loaded with
two reference MUTs with known dielectric constants. A detailed comparison of the dielec-
tric constants obtained from these methods is presented in the following section.

3.2. Dielectric Constant Extraction

To extract the dielectric constant of the MUT from the measured capacitance,
two different extraction approaches are employed in this study. The first approach is
based on a conventional analytical formulation derived from the sensor geometry, while
the second approach utilizes an air-water two-point calibration method to account for
geometry-dependent offsets and fringing field effects. Both methods are described below.

3.2.1. Extraction Method Using Known CCS Geometries

In the conventional analytical approach, the dielectric constant of the MUT is extracted
directly from the measured capacitance of the CCS using a geometry-based formulation. Af-
ter OPEN and SHORT compensation of the measurement leads, the measured capacitance
Cmeas is assumed to represent the intrinsic capacitance of the sensor structure, where the
fringing capacitance in Equation (9) is simply neglected. The total measured capacitance
is modeled as the superposition of the capacitance contributions associated with the PVC
spacer and the MUT, and can be expressed as follows:

A A
Coneas = Sr,MUTSO% + €&, pvceo Zm (10)

Rearranging the above expression, the dielectric constant of the MUT can be
extracted with:

A
d(cmeas — &,PVCE0 Zimz>

g0 AMur

& MUT = (11)

In this formulation, the dielectric properties and geometry of the PVC spacer are
treated as known parameters. Fringing field effects and residual geometry-dependent
parasitic contributions are not explicitly modeled and are therefore implicitly absorbed into
the effective capacitance term. Consequently, the accuracy of this method depends on the
assumed PVC dielectric properties and the validity of the simplified field distribution.

3.2.2. Extraction Method Using Air-DI Water Calibration

To overcome the accuracy limitations of the analytical method described in
Section 3.2.1, a calibration-based extraction approach is proposed. This method employs
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air and DI water as reference materials with well-established dielectric constants, thereby
eliminating the need for explicit knowledge of the dielectric constant of the spacer material
(PVC in this work). In addition, fabrication tolerances in the CCS geometry do not influence
the extracted dielectric constant of the MUT. Although fringing fields are still present, their
influence on the extracted permittivity is reduced because the higher dielectric constant of
the PVC spacer confines a larger portion of the electric field within the spacer rather than
the surrounding air.
For simplification, the measured capacitance of the CCS from Equation (10) can be
expressed as follows:
Cieas = 8r,Ml,ITk +Co (12)

where k is an effective geometry-dependent proportionality constant, and Cy is a constant
offset term accounting for fixed capacitance contributions, including the PVC spacer ca-
pacitance, fringing electric fields, and residual geometry-dependent parasitic effects. Both
k and Cj are treated as effective calibration parameters. This equation assumes a linear
relationship between the measured capacitance and the real part of permittivity. This
approximation is only valid when the sensor operates in the quasi-static regime, where
its physical dimensions are much smaller than the wavelength, and the electric field dis-
tribution does not change significantly with different MUTs. Under this condition, the
total capacitance can be expressed as the sum of a constant parasitic contribution and a
term proportional to the permittivity of the MUT. Moreover, the electrode spacing should
be small compared to the lateral dimensions of the electrodes, such that fringing field
effects remain similar for different MUTs and can be effectively treated as a constant offset.
Consequently, geometry-dependent factors, including spacer material properties and elec-
trode configuration, are implicitly accounted for through calibration rather than requiring
explicit modeling. It should be noted, however, that this assumption holds only when
variations in spacer permittivity and electrode geometry do not significantly perturb the
field distribution. In practice, the use of smooth electrode geometries (e.g., circular plates)
and operation over a limited frequency range helps to minimize such effects and preserve
the validity of the linear approximation.

To determine these parameters, two reference measurements are performed using air
and DI water under identical measurement conditions. Substituting the known dielectric
constant of air (g4, = 1) into the above expression yields:

Cair = k+Co (13)
while for DI water with dielectric constant eyater, the measured capacitance is given by:
Cuwater = Er,water k+Co (14)

By subtracting the air reference Equation (13) from the water reference Equation (14),
the constant offset term Cy is explicitly eliminated, as is common to both measurements.
These yields:

Cuwater — Cpir = (Sr,wzzter - 1)k (15)

from which the effective proportionality constant k can be determined implicitly. Conse-
quently, the capacitance Cy can be derived from Equation (13). Substituting k and Cy back
into the generalized capacitance expression from (12) leads to a formulation for extracting
the dielectric constant of an arbitrary MUT with:

Cmeas - Cair

S ! 16
Cuwater — Caiy ( r,water ) ( )

& mur =1+
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Through this air-DI water calibration, the dominant geometry- and spacer-dependent
contributions to the measured capacitance are absorbed into the model parameters k and Cp.
As long as the conditions for the assumption of a linear relationship from Equation (12) are
fulfilled, the extraction of ¢, \jur becomes largely insensitive to the exact value of the
spacer permittivity and to moderate fabrication tolerances in electrode dimensions. The
performance of this proposed method is evaluated and compared with the conventional
analytical approach in the next section.

3.3. Dielectric Constant Extraction from CCS Measurement Results

To evaluate the accuracy of the dielectric constant extraction, the values obtained
using the conventional analytical method described in Section 3.2.1 and the proposed
air-water calibration method (Section 3.2.2) were compared with literature-reported values
at comparable frequency and temperature. The comparison, together with the corre-
sponding percentage errors, is summarized in Table 3. The relative permittivity of water
€r,water = 80.1 used in the simulations corresponds to 20 °C, which matches the experi-
mental temperature of the liquid measurements and thus minimizes temperature-induced
discrepancies in Table 3. For ethanol and methanol, the remaining deviations from litera-
ture values may partly arise from residual water content and trace impurities present in
the commercial solvents, despite their high nominal purities (>99.9% and >99.8%, respec-
tively). The dielectric constants of the MUTs were first extracted using the conventional
geometry-based analytical method from Equation (11). In this approach, the measured
capacitance is decomposed into contributions from the MUT and the PVC spacer, assum-
ing an ideal CCS configuration and dimensions. The accuracy of this method relies on
the known sensor geometry as mentioned in Section 2.2, low fabrication tolerance, and
PVC’s dielectric constant close to 3.2 as reported in the literature. Using the experimen-
tally measured capacitance values at 1 MHz, the dielectric constants extracted using the
conventional analytical method are 1.02 for air, 80.577 for DI water, 24.90 for ethanol, and
33.34 for methanol. These values are in close agreement with commonly reported reference
data, indicating that the analytical model provides a reasonable first-order estimate of the
dielectric properties of the MUTs.

Table 3. Comparison of extracted dielectric constants with reference values from the literature and
error analysis.

e £ MUT Error (%) & MUT Error (%)
MUT rMUT Extracted Using Extracted Using Extracted Using Extracted Using
from Literature . . . .
Equation (11) Equation (11) Equation (16) Equation (16)

Air 1 1.02 2 N/A N/A

DI water 80.1 80.58 0.6 N/A N/A
Ethanol 24.3 249 2.47 24.75 1.85
Methanol 33.1 33.34 0.73 33.12 0.06

The dielectric constants of the MUTs were then extracted using the proposed air-DI
water calibration method from Equation (16). Capacitance values of the CCS loaded with
air and DI water from Table 1 are used to extract the dielectric constant from the measured
capacitance value of the CCS loaded with an unknown MUT. The extracted dielectric
constant of MUT obtained from this method is 24.75 for ethanol and 33.12 for methanol.
These values exhibit close agreement with literature-reported data. Since air and DI water
served as calibration references, extracted dielectric constants are identical to the theoretical
values reported in the literature, so that errors compared to theoretical values are not
applicable (N/A) in Table 3.
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Compared with the conventional analytical method, the proposed air—DI water cali-
bration approach demonstrates improved accuracy by reducing sensitivity to uncertainties
in spacer material properties, fabrication tolerances, and idealized field assumptions.
For ethanol, the extraction error in dielectric constant is 2.47% using the conventional
method with known CCS geometric and material parameters. This error decreases to
1.85% with the proposed air-DI water calibration method. For methanol, the error is
reduced from 0.73% to 0.06%.

This improvement arises since the calibration procedure removes the explicit depen-
dence on the PVC dielectric constant and detailed sensor geometry. By referencing the
measurements to air and DI water, fabrication tolerance, spacer material uncertainty, and
fringing field effects are inherently compensated. Consequently, the sensor does not require
highly precise fabrication or exact prior knowledge of the spacer dielectric constant. In
practice, the spacer can be fabricated from a range of dielectric materials without precise
permittivity characterization. Also, moderate geometric variations do not significantly
degrade the extraction accuracy. This enhances the robustness and practical applicability
of the proposed method for the characterization of the MUT.

Although the numerical errors obtained with the conventional analytical method
and the proposed air-DI water calibration method are of comparable magnitude for the
well-controlled CCS prototype investigated in Table 3, the two approaches differ in their
robustness with respect to practical implementation. The analytical method relies explicitly
on accurate knowledge of the sensor geometry and spacer permittivity, as well as on
simplified assumptions regarding the field distribution; therefore, its accuracy can degrade
when fabrication tolerances, unknown spacer materials, or modified electrode geometries
are introduced. In contrast, the calibration-based extraction absorbs residual parasitic
effects as well as geometry- and spacer-dependent variations into the effective parameters
k and Cp, and thus does not require precise prior characterization of the spacer or exact
cell dimensions. Moreover, the proposed calibration approach is inherently scalable and
adaptable: it can be directly applied when the CCS is resized or when the spacer material is
changed, without the need to re-measure physical dimensions or reformulate the analytical
model. A simple recalibration step is sufficient to maintain accuracy. As a result, the
method is particularly suitable for low-cost, in-house fabricated sensors or applications
involving design variations, where it preserves accuracy despite fabrication uncertainties
and configuration changes.

3.4. Application Example: Frequency-Dependent Characterization of Cow’s Milk

To further validate the proposed sensor and extraction method using a realistic bi-
ological sample, additional measurements were conducted on a commercial ultra-high
temperature (UHT) cow’s milk product (Thai-Denmark, plain 100% cow’s milk, Saraburi,
Thailand). The sensor was operated at a controlled temperature of 25 °C, and all calibration
procedures were performed at the same temperature to ensure fair comparison with litera-
ture data. This condition is consistent with Zhu et al. and Liu et al., who characterized raw
cow’s milk over 104500 MHz at approximately 22-25 °C [33-35]. The UHT milk sample
in this experiment is produced from 100% fresh cow’s milk and has typical whole-milk
macronutrient levels, with fat, protein, and lactose contents in the same order of magnitude
as standard whole cow’s milk reported in dairy composition references [36].

To calibrate the CCS at the working temperature of 25 °C, the capacitance values of
CCS filled with air and DI water were first measured using the LCR meter. At least five
consecutive readings were taken without disturbing the setup, showing an insignificant
difference in the measured values. The results were averaged and used as the represen-
tative value for calibration. The DI water measurements yielded an extracted dielectric
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constant of 78.3 at 25 °C. This result is in good agreement with reported values of 78.3-78.4
at this temperature [25,37]. Because the dielectric constant of water decreases with tem-
perature (for example, from about 80.1 at 20 °C to about 78.3 at 25 °C), performing the DI
water calibration at 25 °C is essential to avoid inaccuracy when extracting the dielectric
constant of the milk at the same temperature. The same protocol with at least five repeated
measurements per condition was then applied to measure the UHT milk sample at each
frequency point between 10 and 30 MHz. The average capacitance value was used to
extract the dielectric constant as described in Section 3.2.2. Figure 7a,b plots the measured
CCS capacitance and the extracted dielectric constant of the UHT milk sample at 25 °C in a
frequency range from 10 to 30 MHz.
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Figure 7. Measured capacitance of the proposed CCS filled with UHT milk sample (circles denote
measurement points connected by straight-line segments to show the trend) (a), and extracted
dielectric constant of UHT whole cow’s milk at 25 °C (squares denote extracted data points connected
by straight-line segments to show the trend) (b), as a function of frequency from 10 to 30 MHz.

The monotonic decrease in dielectric constant with increasing frequency follows the
expected dielectric relaxation behavior of milk as a multiphase polydisperse system com-
posed of liquid fat globules emulsified in a water-based solution containing dissolved
lactose, minerals, and suspended proteins. At low radio frequencies, several polariza-
tion mechanisms contribute to the dielectric constant, including dipolar rotation of water
molecules, migration and accumulation of mobile ions, and interfacial polarization at
boundaries between fat globules, casein micelles, and the aqueous phase. As frequency
increases to tens of MHz, the interfacial polarization mechanism can no longer fully follow
the rapidly oscillating electric field within each cycle, so its contribution to stored electric
energy diminishes and the dielectric constant decreases with frequency. Similar decreasing
trends of the dielectric constant with frequency have been reported for raw milk, soy
milk, and other high moisture foods, confirming that the measured ¢, ,,;;; curve in Fig-
ure 8 is consistent with established dielectric relaxation behavior in aqueous, multi-phase
food systems [38,39].

The observed dispersion can be interpreted in terms of Maxwell-Wagner-Sillars
(MWS) interfacial polarization in heterogeneous dielectrics. In such systems, contrasts in
permittivity and conductivity between dispersed and continuous phases lead to charge
accumulation at internal interfaces and to a characteristic low-frequency dielectric disper-
sion, as rigorously analyzed for composite materials by Samet et al. and for heterogeneous
polymers and emulsions by Samet et al. [40] and Qian et al. [41]. Hanai’s classical emulsion
theory further shows that interfacial polarization is a key contributor to the dielectric
spectra of concentrated emulsions, providing a widely used framework for interpreting
frequency-dependent permittivity in oil-in-water systems [42]. Within this perspective,
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cow’s milk can be viewed as a multiphase emulsion in which fat globules and protein ag-
gregates are dispersed in an aqueous electrolyte phase, and the decrease of ¢, ,,;;x between
10 and 30 MHz is consistent with the high-frequency tail of a Maxwell-Wagner-Sillars
interfacial relaxation process.

=0 This work (UHT milk)
a1 ——2znw et al. (2018) (Raw milk) | |
Liu et al, (2018} (Raw milk)
&80 - —{—2hu & Guo (2014) (Raw milk)|

10 12 14 16 18 20 22 24 26 28 30
Frequency (MHz)

Figure 8. Comparison of the extracted dielectric constant of UHT cow’s milk (this work) and raw
cow’s milk reported in the literature at approximately 25 °C over the frequency range 10-30 MHz.
Literature values were digitized from figures in the publications [33-35].

To validate the extracted dielectric constant of the UHT milk sample over the fre-
quency range from 10 to 30 MHz, the measured values are compared with literature data
reported at 25 °C within a comparable frequency range [33-35]. For consistency, dielectric
constant data were exclusively chosen from the unmodified baseline raw cow’s milk curves
presented in those studies. Only measurements corresponding to 25 °C were considered
to ensure thermal comparability with the present work. Data obtained under altered salt,
fat, or lactose concentrations, skimmed conditions, or different temperatures were inten-
tionally excluded. The comparison is presented in Figure 8. All datasets exhibit monotonic
dielectric dispersion, with the UHT milk sample showing slightly lower permittivity at
higher frequencies. This discrepancy is reasonably attributed to the use of commercially
UHT-processed milk in the present study, whereas the referenced works investigated raw
milk. Additional variation may arise from differences in fat, protein, lactose, and mineral
composition among sample sources, as well as differences in measurement fixture geometry
and calibration methodology.

Although the milk samples are not identical, their compositions are sufficiently similar
to yield consistent dielectric behavior. All datasets show the characteristic decrease in
dielectric constant with increasing frequency. This trend is consistent with the relaxation of
Maxwell-Wagner interfacial polarization in milk as a heterogeneous oil-in-water emulsion.
The comparison, therefore, provides a strong trend-based validation under closely matched
conditions rather than an exact numerical replication.

Table 4 summarizes the performance of the proposed CCS compared with represen-
tative low- and high-frequency techniques reported in the literature for pure DI water,
methanol, ethanol, and other liquids. Our results are comparable to or better than many
reported low-frequency and microwave techniques. While cavity and resonator-based
methods can reach sub-percent errors under carefully controlled conditions, they generally
require complex calibration procedures and high-frequency measurement equipment. In
contrast, the proposed air-water calibrated capacitive approach offers competitive accuracy
with a simple cylindrical parallel plate geometry, low cost, low frequency instrumentation,
and reduced sensitivity to spacer permittivity, fringing fields, and geometric tolerances.
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Table 4. Comparison of dielectric permittivity measurement accuracy with the representative litera-
ture (pure liquids).

Work Method and Frequency MUT RCeferencg for Reported Error/Uncertainty (%)
omparison
(ngiim?éﬁal Low-frequency capacitive Air, DI water, Literature values Air: 2%, DI: 0.6%, Ethanol: 2.47%,
extraction) sensor, 1 MHz ethanol, methanol Methanol: 0.73%
This work Low-frequency capacitive Ethanol: 1.85%
(Air-DI water q 1yM Air, DI, dl, UHT milk Literature values Meth 1 O 06%
calibration) sensor, z ethanol: 0.06%,
[19] Parallel-plate admittance Water, ethanol, methanol NPL MAT-23 uncg(tgiarﬁdeg ;eé%/tl‘f]gr all
cell, 100 kHz-1 MHz (plus 3 other liquids) reference liquids Y= 107
reference liquids.
Maximum absolute
[31] RC low%%ai?zmethod, Water, ethanol, methanol Kirkwood model deviation < 0.12%,; repeatability
scatter < 0.05%
RC low-pass method Water—ethanol Average absolute
[32] 6% Hz ’ water—methanol Correlation model deviation ~ 1% over
most compositions
2 : . <0.1% (5% NaCl) to ~1.7%
- CPW- baseql lmffifiance Ethanol, methanol, Vs?lgill:liﬁill/n (Ethanol) at 10 GHz/Up to 10% at
sensor, SE%EEIOH’ NaCl solutions Literature data 5 GHz vs.
up to z iterature literature data
. Minimum of
[44] Clg/[ﬁlétlflzeglgf_tl Watt €L, etlhe’a[_nol— Literature data 0.2% (50% ethanol) and
7 z water solutions maximum of 1.3% (water)
B : Minimum of
[45] SIW filter-based (i]rsgllsgg; gﬁ;e;t?alggfgerfd Mixing-model 0.93% (0.6 volume fraction) and
sensor, ~5 GHz reference maximum of

DI'water) 6.8% (0.1 volume fraction)

4. Conclusions

In this study, a cylindrical parallel-plate capacitive sensor was designed, fabricated,
and experimentally validated for the characterization of liquid materials in a lower mega-
hertz frequency range. The sensor employs circular copper electrodes separated by a PVC
spacer, providing a compact and repeatable capacitive test cell suitable for low-frequency
small-volume liquid characterization. Analytical calculations, numerical simulations using
ANSYS Q3D Extractor, and experimental measurements performed at 1 MHz were carried
out to comprehensively evaluate the sensor performance. A close agreement was observed
among analytically calculated, numerically simulated, and experimentally measured ca-
pacitance values for air, DI water, ethanol, and methanol, confirming the robustness and
reliability of the proposed CCS design.

Two extraction methods for the extraction of the liquid sample’s dielectric constant
from measured capacitance values were investigated. The conventional geometry-based
analytical method provided reasonable first-order estimates of the dielectric constants;
however, its accuracy depends on precise knowledge of the PVC spacer permittivity and
idealized field assumptions. To address these limitations, an air-DI water calibration-based
extraction method was proposed. By measuring the capacitance of air and DI water-
loaded CCS as reference materials with known dielectric properties, this method effectively
eliminated geometry-dependent offsets, spacer material uncertainty, and fringing field
contributions. The proposed calibration-based method demonstrated improved accuracy
and reduced sensitivity to experimental and modeling uncertainties, yielding extracted
dielectric constants for ethanol and methanol that closely matched literature-reported val-
ues. These results highlight the practical advantage of the proposed approach for dielectric
sensing applications where exact material properties and geometrical parameters of the
CCS are not required. Future work will focus on extending the proposed sensing and cali-
bration framework to a broader range of liquids and frequencies, as well as exploring sensor
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miniaturization and integration with microfluidic platforms for real-time characterization
of biomedical and agricultural samples.
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Abstract

Carbon capture, utilization, and storage (CCUS) plays an important role in meeting the
European Union’s target to reduce greenhouse gas emissions by 55% by 2030 and become
carbon neutral by 2050. Accurate flow metering is required throughout the carbon capture
and storage (CCS) chain to meet fiscal and regulatory requirements. To establish accurate
CO; flow metering, flow meters must be calibrated with traceability to international stan-
dards of measurement at relevant flow conditions. To ensure confidence, reliability, and
comparability of calibration results, calibration facilities perform interlaboratory compar-
isons. However, there is currently a lack of CO, gas flow meter calibration facilities. The
flow metering calibration facilities of VSL, NEL, INRIM, DNV, and FORCE participated
in an interlaboratory comparison with CO, up to 400 m3/h and 31 bar(a) to compare the
calibration results with several flow metering principles. At the intermediate-scale facilities
of NEL, VSL, and INRIM, the difference in results between the VSL and INRIM facilities
were within the facilities” CMC values, while NEL's facility showed a significant difference
primarily due to vibrational relaxational effects of CO, with small critical flow Venturi
nozzles. At the large-scale facilities of NEL, DNV, and FORCE, 91% of the test points
passed the equivalency criteria in the range of 20 m>/h to 400 m? /h with a Coriolis meter,
confirming traceability for carbon dioxide across the facilities. Overall, the interlaboratory
comparison has made it possible for the CCUS industry to calibrate gaseous CO, flow
meters with traceability to international standards.

Keywords: carbon dioxide (CO;) flow measurement; Interlaboratory comparison; flow
meter calibration; carbon capture, utilization, and storage (CCUS); SI-traceable metrology
standards; CO, flow meter calibration facility; decarbonisation

1. Introduction

Europe must make reductions in CO; emissions in order to meet stringent reduction
targets related to global warming. The European Union set a target to reduce greenhouse
gas emissions by 55% by 2030 and become carbon neutral by 2050 [1]. To support meeting
these ambitious targets the Green Deal was introduced which specifically states that “prior-
ity areas include clean hydrogen, fuel cells and other alternative fuels, energy storage, and
carbon capture, storage and utilization.”
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Carbon capture, utilization, and storage (CCUS) can be used to remove the CO,
produced by industrial processes to be re-used or stored either underground or locked
in an alternative material. It is versatile, in the sense that the CO, removal step can
complement any process (e.g., production of power, fuels, chemicals and heating). In order
to facilitate efficient and safe operation of CCUS technologies across Europe and to support
the CCUS industry, accurate flow measurement of carbon dioxide transferred across the
CCUS chain is required for operational, fiscal and regulatory purposes [2-5]. For example,
the accuracy requirement for the European Union’s Emission Trading System (EU ETS)
can be as low as 2.5% on the emitted mass of CO, [2,5,6], where it is estimated that flow
measurement accuracy needs to be 1.5% or better in order to meet the 2.5% requirement
after accounting for the uncertainties in the measurement of composition, temperature and
pressure, and equations of state (EoS) [3].

To ensure accurate flow measurement across the CCUS chain, flow meter calibration
facilities that are traceable to international standards (SI-traceable facilities) are required.
These facilities are preferably ISO 17025 [7] certified and can calibrate flow meters with
CO;, to create similar flow conditions as experienced by the meters in the field [3,8]. There
is currently a lack of flow meter calibration facilities that can calibrate flow meters in the
relevant range of flow conditions in the CCUS chain [3].

Interlaboratory comparisons are used to gain confidence in the calibration of the
flow meters, establish effectiveness in measurements and comparability of measurements,
demonstrate validity of calibration results, and enable SI-traceable calibrations [7,9]. While
there are many flow meter calibration facilities that can calibrate flow meters with CO,,
there is no assurance with regard to SI traceability and, to the authors’ best knowledge,
interlaboratory comparisons with CO; have not been performed.

An interlaboratory comparison was conducted between several laboratories in the
intermediate and large scale with gaseous CO;, as part of the “Metrology Support for
Carbon Capture Utilisation and Storage” (21GRD06 MetCCUS) project. In the intermediate
scale, the comparison was performed up to 30 m3/h at atmospheric pressure between
VSL, NEL and INRIM with a rotary meter and a Coriolis meter. In the large scale, the
comparison was performed up to 400 m?/h and 31 bar(a) between NEL, FORCE and DNV
with a Coriolis and a turbine meter.

This paper includes a description of the facilities participating in the comparison, the
methodology of assessing equivalence between the laboratories, results and discussions,
conclusion, and recommendations for future work.

2. Facilities Descriptions

2.1. Intermediate Scale
2.1.1. VSL Mercury-Seal Piston Prover

The VSL mercury-seal piston prover is a primary flow measurement standard for
calibration of flow meters and other mercury piston provers. The system consists of four
mass flow controllers (MFCs) and four mercury ring tubes, also called measuring tubes.
The system uses one mercury ring tube at a time, which is chosen based on the flow rate at
which the device or meter under test (MuT) is calibrated. The mercury ring tubes serve
as reference devices for calibrations. The system is ISO 17025 accredited and has a range
of 0.0001 m3/h to 3.5 m3/h at ambient conditions, with a calibration and measurement
capability (CMC) of 0.2-0.4% (k = 2). The system can calibrate volume and flow rate
measuring instruments.

A simplified process flow diagram and photo of the mercury-seal piston prover system
are shown in Figures 1 and 2 below.
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Figure 1. VSL's mercury-seal piston prover facility. For the tests in this comparison, the meter was
placed in the MUT (meter under test) position. T represents a temperature sensor. P represents a
pressure sensor. PR represents a pressure reducer. PP represents a piston prover. MFC represents
a mass flow controller. HV represents a hand valve, and CV represents an automatic control valve.
S0-54 represent the infrared sensors. The arrows represent the flow direction.

= P,

Figure 2. A photo of the mercury-seal piston provers at VSL.

The MFCs are used to generate a constant flow rate and consist of a control valve and
a thermal mass flow meter. To maintain a constant inlet pressure, a pressure regulator is
installed just before the inlet of the MFCs. This allows the MFCs to maintain the desired
flow rate more consistently.
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A mercury ring tube consists of a precision glass tube containing a piston with a
mercury-seal. By using mercury, the piston can move through the glass tube virtually
friction-free, while the mercury ensures a gas-tight seal.

Infrared and laser sensors are located at various heights on guides placed parallel
to the tube. These sensors emit an electrical pulse at time t; when the piston interrupts
the light beam. The size of a single volume therefore depends on the difference in height
between two sensors and the diameter of the tube between the two sensors.

The length between the two sensors and the diameter of the tube between the two
sensors are calibrated with direct traceability to the “meter”, ensuring Sl-traceability. The
system also includes calibrated timers that are directly traceable to the “second”. Since
the calibration of the internal volume is independent of the gas, the provers can provide
Sl-traceable calibrations with any gas.

The MFCs generate a flow rate, which is directed to the flow meter under test and
then a mercury ring tube via the valves. To initiate a flow measurement, a valve behind the
tube is closed, causing the piston to move. When the piston passes the first sensor (s0), a
time measurement is initiated. When the piston passes the next sensor, the time between
s0 and this sensor is stored. A temperature measurement recording is also initiated while
passing s0, which stops once the stop sensor is reached. Using the measured time and the
known volume, the flow rate can now be determined.

2.1.2. NEL High-Pressure Low-Flow Facility

The NEL high-pressure low-flow facility, illustrated in Figures 3 and 4, is built around
a DN25 nominal bore line, with gas supplied via an off take from the NEL high-pressure
gas flow facility’s 60 bar(g) gas supply line. The inlet pressure to the meter under test
(MUT) is regulated using a pressure regulator. A plate heat exchanger installed between
the pressure regulator and MUT compensates for temperature changes due to the pressure
changes through the regulator and also enables testing at different gas temperatures from
0 °C to 40 °C. Gas flow rates are controlled using a needle valve installed downstream
of the MUT. The reference flow rate is determined using a range of critical flow Venturi
nozzles (CFVN) installed further downstream and the outlet piping from the CFVN is open
to the atmosphere. All static pressure, differential pressure, and temperature measurements
are taken with traceable calibrated instrumentation. Gas properties are calculated using
REFPROP from NIST [10].

T RELIEF VALVES
3AS INLET FROM NEL HIGH
PRESSURE GAS FLOW FACILITY —

HEAT EXCHANGER
C-HEDOZ

Y Y /N D’qlaH—DkllmL@:&
C-PRV00Y CVOTD C-Viss CVDa: ouT C-VDET CENOOY CVDE4 cvoTt

REFERENCE
FLOW METER

Figure 3. Schematic of the NEL high-pressure low-flow facility. PT is pressure transmitter. TT
is temperature transmitter. C-V is the control valve. DUT is device under test. C-PR is pressure
regulator. The arrows represent the flow direction.

69 https://doi.org/10.3390/metrology6020022



Metrology 2026, 6, 22

Figure 4. A photo of the NEL high-pressure low-flow facility.

When the facility operates with nitrogen gas at 40 bar(g) and 20 °C, it has the capability
to calibrate flow meters at gas flow rates from 0.2 kg/min (0.259 m?/h) to 4 kg/min
(5.18 m3/h) with expanded uncertainty of the reference flow measurement of 0.3% (k = 2).
The recent upgrade to this facility includes the capability to test with carbon dioxide gas.

2.1.3. INRIM Piston Prover

For the intermediate-scale comparison INRIM used its large piston prover (MeGAS)
for the high flow rates and its bell prover (Bell GAS) for the low flow rates.

The MeGas test rig is a single-stroke, plunger-type piston prover. The device is a 6 m
high structure (see Figure 5) that has a platform at the top where a finely controlled brushless
motor drives, through a gearbox, the female ball-screw of a lead screw connected with the
piston. This apparatus causes the vertical movement of the piston and the emission of pulses
from a rotating encoder fitted on the female screw. The piston is constituted by a 1000 mm
nominal diameter, 1630 mm long and 14 mm thick carbon steel cylinder fitted to a large
bottom flange. The leak-proof gasket at the top of the chamber is a Teflon-coated, 1000 mm
diameter O-ring compressed to the necessary and adjustable extent by an upper flange.

The internal diameter of the measurement chamber is 1095 mm; in the clearance
between its walls and the piston, 10 platinum resistance temperatures (PRTs) are installed
at different heights and positions in order to measure the average gas temperature and
to detect possible non uniformities. The chamber rests on the 1950 mm diameter base of
the prover. A bended pipe is connected to a 100 mm bore at the center of the base which
conveys the gas displaced by the piston towards the test line. A group of automatically
operated valves (a safety valve, one for admission of atmospheric air and one for gas
delivery to the test line) are installed at the facility exit.

The MeGAS itself is calibrated through the dimensional calibration of the piston,
making the standard directly traceable to the “metre”. The claimed expanded uncertainty
of the facility MeGAS is 0.1% (k = 2). More detail on the calibration of the MeGAS can be
found in the paper by Piccato et al. [11].

The BellGAS facility is a standard bell prover, with an internal volume of about 150 L.
the original facility was improved by modifying the position reading through addition of a
high resolution encoder, allowing a reading of the movement with a resolution of about
0.5 mL/pulse, and a special movable compensation weight, which allows to maintain
the stability of the pressure within the bell to +/—2 Pa throughout the bell run. The flow
capacity of the device ranges between approximately 0.03 m3/h and 7.2 m3/h, and the
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claimed expanded uncertainty of the BellGAS facility is 0.12% (k = 2). The internal volume
of the BellGAS bell prover is calibrated using the volume displacement method against a
calibrated scale. Therefore the standard is traceable to the kilogram.

Figure 5. MeGas facility, A: MeGas encoder and piston control, B: screw, C: piston, D: measurement
chamber, E: facility outlet.
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2.2. Large Scale
2.2.1. NEL High-Pressure Gas Flow Facility

The NEL large-scale gas flow facility is based around a DN150 nominal bore flow loop
as illustrated in Figures 6 and 7. The gas used for testing is nitrogen or carbon dioxide.
Mixtures of carbon dioxide and inert gases (i.e., Ny, Ar, He) can also be tested. The gas
properties are calculated from using REFPROP from NIST [10].

TEST METER
(ve) .
D/S LENGTH \_/ U/S LENGTH
VENT TO X REFERENCE GAS
ATMOSPHERE ULTRASONIC
. FLOW METERS
Y
BURSTING
_M_
BYPASS VALVE
<] . NITROGEN
b FILL LINE }% E%
GAS BLOWER GAS COOLER

Figure 6. Schematic of the NEL high-pressure gas flow facility. U/S means upstream. D/S means
downstream. The arrows represent the flow directions.

Figure 7. A photo of the NEL high-pressure flow facility.

The facility operates at a nominal temperature of 20 °C, over a nominal pressure
range of 10 bar(g) to 63 bar(g) for nitrogen (which corresponds to a gas density range of
approximately 13 kg/ m?3 to 74 kg/ m?) and 20 bar(g) to 40 bar(g) for carbon dioxide (which
corresponds to a gas density range of approximately 43 kg/m? to 101 kg/m?).

The gas is driven around the flow loop by a 200 kW fully encapsulated gas blower and
the flow rate is controlled by varying the speed of the blower. The maximum achievable
gas volumetric flow rate is dependent upon the size and type of reference/test flow meter
installed. The facility is ISO 17025 accredited (UKAS) for a flow range of 20 m3/h to
1600 m3/h, and can reach up to 2100 m3/h.

The reference master meter used for the tests described in this report is a DN200
FLOWSIC600-XT ultrasonic gas meter (serial number 22101021 and calibrated K factor
7992 pulse/m?3 for nitrogen, and 7962 pulse/m? for carbon dioxide).
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The ultrasonic meter K factor was obtained against a 6-inch turbine meter from
PTB [12], and it is checked for drift at regular intervals against an in-house 8-inch orifice
package. All static pressure, differential pressure, and temperature measurements are taken
using Sl-traceable calibrated instrumentation.

In this interlaboratory comparison, the NEL gas flow facility was operated in ‘recir-
culation” mode with the transfer package compared against the reference master meter
system. For this mode, the overall uncertainty in the volumetric quantity of gas passed
through the meter under test (MUT), is 0.35% (k = 2).

2.2.2. FORCE Piston Prover

The primary standard at FORCE Technology’s gas flow test facility is a piston prover
system. It is based on a closed-loop, bidirectional configuration, consisting of two parallel
cylinders with a bore diameter of 0.6 m. Each piston is hydraulically driven, and its position
is monitored by a linear transducer to ensure precise control of the flow. Four directional
control valves maintain a consistent flow path during both forward and reverse operation.

The facility supports calibration of flowmeters with nominal pipe sizes ranging from
2 inches to 6 inches. It operates at a nominal temperature of 20 °C and can handle pressures
from 1 bar(a) to 66 bar(a). The test gases include natural gas, CO,, nitrogen, and air. The
system accommodates flow rates from 2 m>/h to 400 m3/h, with differential pressures up
to 500 mbar.

The piston prover serves as a primary standard with metrological traceability to
the meter, based on dimensional measurements of the piston and its displacement. All
measurements of static pressure, differential pressure, and temperature are performed using
traceable calibrated instrumentation, and the gas property calculations were performed
using the REFPROP database developed by NIST [10].

2.2.3. DNV Flow Facility

The All Gas Flow Loop Groningen (AGFLG) test facility at DNV is a closed loop
system based on DNV’s existing multiphase test facility, extended with a dedicated gas
reference system [13]. The facility can handle 25 bar differential pressure, which makes it
suitable for testing several meters in series and uses critical flow Venturi nozzles (CFVN)
as reference meters. The operational range of the facility is summarized in Table 1.

Table 1. Specifications of the All Gas Flow Loop Groningen (AGFLG) test facility at DNV.

Nitrogen, hydrogen (up to 30% in natural gas, and 100% in

Test Fluids: future), methane, carbon dioxide

Flow Range: 16 am3/h to 1000 am?/h
Test Sections: 2-inch to 8-inch

Operating Pressure: 5 bar(g) to 33 bar(g)

Test sec;;zgsif:frentlal 25 bar
Temperature Range: —45°Cto35°C
Reference meters: Sonic nozzles, turbine meters, Coriolis meters
Claimed reference uncertainty: 0.12% to 0.15% (k = 2)

The AGFLG reference system consists of a sonic nozzle skid (containing CFVNs) in
series with 4-inch and 6-inch dual lines containing a turbine and Coriolis reference meter,
as outlined in Figure 8. A 4-inch turbine meter (FMG MT400, 40 m3 /h to 400 m3/h) and
a 2-inch Coriolis meter (Emerson Micromotion CMF200) are installed in the 4-inch line,
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while a 6-inch turbine meter (FMG MT1000, 100 m?3/h to 1000 m3/ h) and an 3-inch Coriolis
meter (Emerson Micromotion CMF300) are installed in the 6-inch line.

Each reference meter has its own traceability chain [14]. The CFVNs are traceable
via dimensional measurements (throat diameter and curvature) [15,16] and air calibration
tests at Physikalisch-Technische Bundesanstalt (PTB) [14], the German national metrology
institute. The Coriolis meters were calibrated at the manufacturer’s ISO 17025 accredited
calibration facility with water (Emerson’s test facility in Ede, NL) to achieve its traceability.
The turbine gas meters are traceable via DNV and FORCE, the Danish Designated Institute
for flow measurement. The corrections of the turbine meters are determined according to
the PTB turbine meter model [17,18] and the Coriolis meters are corrected for pressure and
compressibility effects [19-21]. The reference system is installed downstream of the test
section as shown in Figures 8 and 9 below.

et B

N NOZ 1 m
L
—DOQ D‘: Bey
ANED
F CMQO et
0 9T
Lo -

FMT-M1000 CMF300 MUTN MUT2Z MUT 1

Figure 8. Schematic of the reference section of the All Gas Flow Loop Groningen (AGFLG) test facility
at DNV. From the right, the gas flows first through the meter under test (MUT), then through the
reference Coriolis meters, reference turbine meters, and the reference critical flow Venturi nozzles. T
represents temperature sensors. P represents pressure sensors. NOZ represents sonic nozzles. The
dashed lines represents a series of MUT devices that can be installed in series. CMF200 and CMF300
are reference Coriolis meters. FMT-M400 and FMT-M1000 are reference turbine meters.

The metrological evaluation and facility uncertainty estimation was performed inde-
pendently by PTB, and detailed information is provided in the report by Van der Grin-
ten et al. [14]. The facility uncertainty is estimated to be between 0.12% and 0.15% (k = 2)
for the range of gases tested in [14] and is expected to be applicable/transferable to CO; as
well. Compared to reference [14], an additional ultrasonic flow meter is installed to verify
the composition measurement by means of the speed of sound comparison.
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Figure 9. Photo of the CFVN section of gas flow reference system of the All Gas Flow Loop Groningen
(AGFLG) test facility at DNV (top). Bottom figure indicates the different measurement principles
with flow from right to left.

3. Methodology

Each flow measurement facility conducted the calibrations and processed the recorded
data in accordance with their respective internal procedures. The comparison calculations
were based on standardized methods as found in [22-25]. The comparison of the facilities
was undertaken at each flow condition by using the mean value of the flow measurement
from the three repeats. Expanded uncertainty of the mean value for each test point, U, was
determined using the expression in Equation (1).

_ t'o

u, = T 1)

where

t" is Students t value at 95% confidence, o is the sample standard deviation of the
results, and # is the number of repeats (i.e., 3).

In the case of these interlaboratory comparison calibrations, the degrees of freedom
for each test point, v =n —1 = 2.

Hence, for a t-distribution with 2 degrees of freedom at 95% confidence, t (4.95%);
£ =4.303.

Equation (1) then becomes:
43030

V3

u, ()
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The overall expanded uncertainty for each test facility, U; is calculated by combining
the reference lab expanded uncertainty, Uj,;, quoted by the test facility and the repeatability
uncertainty of the mean, U, [25], as follows:

Ui =/ U2 + U2 3)

Calibration and measurement capability (CMC) values for each facility were used as
the reference uncertainty, Uj,;,. Tables 2 and 3 below summarize the CMC values applied in
this inter-comparison, which vary depending on the test conditions. It is worth noting that
Equation (3) is rearranged from the equation included in the “WGFF Guideline for CMC
Uncertainty and Calibration Report Uncertainty” [24] as follows:

_ U \* | (tss ¢ \* _ [ 2 N S22
u= 2 \/<Z)+ 2 i) Umh+t95\/ﬁ = \VUgp + U~ @)

Table 2. Calibration and measurement capabilities (CMC) of each intermediate-scale facility.

Calibration and Measurement Capability (%) (k = 2)
NEL VSL INRIM
PGM meter (volume flow) 0.39 0.2 0.1

Transfer Meter

Table 3. Calibration and measurement capabilities (CMC) for each large-scale facility.

Transfer Meter Calibration and Measurement Capability (%) (k = 2)

NEL DNV FORCE
Coriolis meter (mass flow) 0.35 0.22 t0 0.29 0.27
Turbine meter (volumetric flow) 0.35 0.22 t0 0.27 0.15

The normalized error, E, between each laboratory’s results and the comparison ref-
erence value, CRV were calculated following the procedure outlined by Cox [23] and is
summarized as follows.

The CRV and its associated uncertainty are determined using the weighted mean
formula, as expressed in Equations (5) and (6), respectively.

no- G
o
CRV = — 1 ®)
iZOLT,.z
1
U?(CRV) = — (6)
L w
i=0 i

where ¢; is the mean relative error of the transfer meter for each test facility and Uj is the
overall uncertainty of the test facility as defined by Equation (3).
The difference between mean relative error for each test facility, d; and the CRV was
calculated by using Equation (7).
di =€ — CRV (7)

And the expanded uncertainty U(d;) was calculated using Equation (8).

U2(d;) = U} — UP(CRV) ®)
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Since the facilities operated independently and contributed to the CRV/, the normalized
error, E, was calculated for each test facility according to Equation (9).

En= ©)

E, provides a measure of the equivalence of each of the facilities’ results relative to
the CRV. The interpretation of the absolute value of E,, is as follows:

e |E,| < 1: the result of the laboratory is consistent with the CRV (passed).

e 1< |E,| < 1.2: the result of the laboratory might indicate a possible warning in the
measurement process. For this particular situation the particular facility is recom-
mended to check the procedures and methodology.

e |E,| > 1.2: the result of the laboratory is not consistent with CRV (failed).

3.1. Intermediate-Scale Comparison
3.1.1. Intermediate-Scale Test Conditions

The intermediate-scale comparison was performed between VSL, NEL and INRIM
with carbon dioxide and nitrogen. The calibrations with nitrogen gas establishes a baseline
for the laboratories and comparison because the laboratories readily calibrate meters with
nitrogen. The test conditions are reported in Table 4. It should be noted that test pressure
at NEL was higher than at VSL and INRIM because the NEL facility uses sonic nozzles as
reference meters which require sufficient upstream pressure to ensure sonic velocity at the
nozzle throat.

Table 4. The test conditions of the intermediate-scale comparison.

Calibration Temperature . 3 Flow Rate
Fluid Pressure (bar.a) ©0) Density (kg/m”) Range (m3/h) VSL INRIM NEL
Atmospheric 1.13t0 1.20 0.1to3
N (6 to 11 at NEL) 20 (7to13atNEL) 011030 m3/h Yes Yes
Atmospheric 1.16to0 1.8 01to22 0.6to 15
CO, (3to 7 at NEL) 20 (6to12atNEL) 011030 m3/h Yes m3/h

3.1.2. Intermediate-Scale Test Meter and Sequence of Testing

The test meter for this comparison was a DN50 PGM rotary gas meter provided by NEL
(PGM triple master meter G16 serial number 100218/2023) with a flow range of 0.25 m3/h
to 30 m®/h. See Figure 10 below. The PGM flow meter was calibrated with upstream and
downstream 2-inch flanges spools as shown in Figure 11. The DNG50 rotary meter was
initially calibrated at VSL in July 2024. The meter was subsequently calibrated by NEL
in March 2025, followed by the final set of calibrations conducted by INRIM in June 2025.
Figures 11 and 12 show the meter installed in the VSL and NEL facilities, respectively. It
should be noted that a Coriolis meter was also calibrated at the three facilities. However,
the results of the comparison with the Coriolis meter are not presented here because the
results were inconclusive.

To calibrate the meter, its pulse output was used to calculate the volume and volume
flow rate. Each facility used its own pressure and temperature measurement devices. The
pressure was measured at the pressure port located at the rotary meter body. VSL and
INRIM measured the temperature at temperature port located at the rotary meter body.
NEL measured the temperature in the downstream rotary meter spool.
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Figure 10. Photo of the PGM triple G16 test meter. The arrow on the meter represents the flow
direction such that the meter is installed properly.

Figure 11. A photo of the PGM G16 DN50 rotary meter installed at VSL. The meter is installed in
series with and upstream of the VSL mercury piston prover. The flow is from right to left.

Figure 12. Pictures of the DN50 rotary meter installed at NEL. The meter is installed upstream of the

reference sonic nozzle holder. The flow is from left to right.
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3.2. Large-Scale Comparison
3.2.1. Large-Scale Test Conditions

The large-scale comparison was performed between NEL, DNV and FORCE for carbon
dioxide. The test conditions are reported in Table 5.

Table 5. Large-scale facilities comparison test conditions.

Test Pressure Temperature Density Flow Rate Flow Rate NEL DNV FORCE FORCE
Fluid (bar.a) cQ) (kg/m®) Range (kg/s)  Range (m3/h) Coriolis Turbine
Only 80, 160 From 40
CO, 31 20 69 04t07.8 20 to 400 Yes Yes and 280 m?/h 3 /h
Up to
CO, 21 20 44 0.25t0 4.9 20 to 400 Yes Yes 280 m?/h Yes

3.2.2. Large-Scale Test Meter and Sequence of Testing

Two meters were selected as the transfer package for the interlaboratory comparison.
The first is an Emerson 3-inch Coriolis meter (CMF300M serial number 21046486) provided by
NEL. The second flow meter is a DN100 Honeywell turbine gas meter provided by FORCE
(SM-RI-X G250 serial number 10533326). Employing two different types of transfer standards
allows evaluation of whether the comparison results vary using different meter types.

The 3-inch Coriolis meters was previously calibrated at NEL in the Elevated Pressure
and Temperature (EPAT) oil facility up to 90 bar(g). The EPAT facility has an uncertainty in
mass of +0.08% at 95% confidence level. This calibration provided a reference baseline of
the meter’s response and allowed the derivation of an experimental pressure correction
factor. The resulting oil flow error was within +0.05% after pressure correction was applied.

The 3-inch Coriolis meter was initially calibrated at NEL in November 2023 as part of
a separate previous project [12]. Upon receiving the turbine meter from the manufacturer,
FORCE conducted preliminary calibrations using air and natural gas.

The first calibration of the turbine and Coriolis meters took place at NEL in July 2024.
The package was subsequently tested by DNV in January 2025, followed by the final set of
comparison calibrations conducted by FORCE between March and May 2025. To assess for
any potential drift, the Coriolis meter was returned to NEL and re-calibrated in July 2025.

Figures 13-15 show the meters installed at the NEL, DNV and FORCE facilities, respectively.

Figure 13. Cont.
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Figure 13. Photos of the 4-inch turbine and Coriolis meter installed at NEL. The meters are installed
in series with the turbine upstream of the Coriolis meter. The flow is from right to left.

Figure 14. Photos of the 4-inch turbine and Coriolis meter installed at DNV. The meters are installed
in series with the turbine upstream of the Coriolis meter. The flow is from right to left.

Figure 15. Cont.
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Figure 15. Photos of the 4-inch turbine (bottom) and Coriolis meter (top) installed at FORCE. The
meters are calibrated separately due to length constraints.

4. Results and Discussion

4.1. Intermediate-Scale Comparison Results

The comparison results for the rotary meter along with the average uncertain-
ties associated with each facility are presented in Figures 16 and 17 for nitrogen,
and Figures 18 and 19 for carbon dioxide. Each plotted test result is the averaged value of
three consecutive repeats. It should be noted that the average uncertainties plotted in the
figures also include the repeatability associated with the three repeats.
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Figure 16. Rotary meter relative error in gas volumetric flow rate at each facility as a function of the
reference volumetric flow rate; the results are for nitrogen. Factory calibration with air is also shown.
The uncertainties are the facilities’ CMCs. The uncertainties may be higher at lower flow rates.
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Figure 17. Rotary meter relative error in gas volumetric flow rate at each facility as a function of the
reference volumetric flow rate; results are for nitrogen. The graph is zoomed in to better visualize
the test results below 4 m3/h. Factory calibration with air is also shown. The uncertainties are the
facilities” CMCs. The uncertainties may be higher at lower flow rates. It can be noted that the results
from the three laboratories agree with each other within the laboratories” CMCs.
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Figure 18. Rotary meter relative error in gas volumetric flow rate at each facility as a function of
the reference volumetric flow rate; results are for carbon dioxide. Factory calibration with air is
also shown. The uncertainties are the facilities’ CMCs. The uncertainties may be higher at lower
flow rates. It can be noted that the results from the three laboratories agree with each other within
the laboratories” CMCs, except the meter errors from NEL diverge below 5 m3/h (as explained in
Section 4.1 above).
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Figure 19. Rotary meter relative error in gas volumetric flow rate at each facility as a function of the
reference volumetric flow rate; the results are for carbon dioxide. The graph is zoomed in to better
visualize the test results below 4 m3/h. Factory calibration with air is also shown. The uncertainties
are the facilities” CMCs. The uncertainties may be higher at lower flow rates. It can be noted that the
results from VSL and INRIM agree with each other within the laboratories” CMCs, while the meter
errors from NEL diverge below 5 m? /h (as explained in Section 4.1 above).

The results indicate that the facilities show better agreement when using nitrogen than
with carbon dioxide. The most notable deviation is observed in the NEL test results with car-
bon dioxide. This discrepancy is attributed to the performance of NEL’s reference sonic noz-
zles, which previous studies suggested may be affected when operated with CO, [26-36].
The CFVNs used for NEL's CO; tests had throat diameters ranging from 1.9 mm to 8.0 mm,
while the throat Reynolds number was between 0.9 x 10° and 4.1 x 10°. Earlier studies
have shown that CFVNs with similar small throat diameters, when calibrated with air,
exhibit vibrational relaxation effects when operated with carbon dioxide, leading to higher
experimentally determined discharge coefficients at Reynolds numbers comparable to
those used in the NEL CO, tests. However, there is currently no standardized method
available to correct for this effect. Hence further research is required to enable appropriate
corrections when CFVNSs are operated with CO;.

Normalized Error |E,| Intermediate Scale

Figures 20 and 21 present the normalized error, |E;| values for each test facility based
on the PGM meter measurements with carbon dioxide. It can be seen that the normalized
errors fall mostly above the critical level, deeming the comparison inconclusive. The
normalized error at the higher flow rates between NEL and INRIM standards are well
below the warning level, showing good consistency between the two facilities at the higher
flow rates. As per Section 4.1 above, NEL’s small size sonic nozzles introduce significant
errors when calibrated with air and used with CO; and their performance and a correction
model with CO; must be further investigated in the future. Figure 22 then presents the
normalized error, |E,| values between only VSL and INRIM’s facilities up to 4 m3/h with
CO;. It can be noted that the normalized error is at or below the warning level at four out
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of the five test points, with only one test point falling above the critical level, suggesting

that the facilities are consistent with each other.
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Figure 20. | E, | for each facility’s calibrations with the rotary gas meter for CO,. Most test points

below 5 m3 /h fall outside of the critical level as outlined in Section 4.1.
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Figure 21. |E, | for each facility’s calibrations with the rotary gas meter for CO,. The graph is
zoomed in to better visualize the test results below 4 m®/h. Most test points fall outside of the critical

level as outlined in Section 4.1.
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Figure 22. |E,| between VSL and INRIM’s facilities calibrations with the rotary gas me-
ter for CO,. When considering only the results between VSL and INRIM, most test points

fall within the warning level.

Figure 23 presents the normalized error, |E; | values for each test facility based on the
PGM meter measurements with nitrogen. Approximately 80% of the test points shown
in this graph have |E,| < 1, demonstrating that the three test facilities—NEL, VSL and

INRIM—are consistent with the CRV with nitrogen gas.
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Figure 23. | E, | for each facility’s calibrations with the rotary gas meter for nitrogen. At flow rates
between 5 m3/h and 20 m3/h, only one data point appears because the test flow rates were virtually
identical and the | E, | was calculated between two laboratories; hence, both have the same | Ej, |
values, resulting in identical coordinates on the plot. It can be noted that most test points fall within

the warning level.

Figure 23 also highlights six test points where |E,; | exceeded 1, which are listed below.
One of these points had |E,| value between 1 and 1.2, suggesting a potential warning
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regarding the measurement processes at these facilities under the respective test conditions.
Five results had |E,| > 1.2, indicating that the test facility failed the equivalency test under
these specific flow conditions.

4.2. Large-Scale Comparison Results

The comparison results for the Coriolis meter and turbine gas meter at each facility along
with the average uncertainties (as indication) associated with each facility are presented in
Figures 24 and 25, respectively. Figure 26 presents the calibration results of the turbine meter
as a function of Reynolds number. Each plotted calibration result is the averaged value of
three consecutive repeats. It should be noted that the average uncertainties plotted in the
figures also include the repeatability associated with the three repeats.
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Figure 24. Coriolis meter relative error in gas mass flow rate at each facility as a function of the
reference mass flow rate. The accuracy specification of the flow meter is also shown in dotted lines. It
can be noted all the test points fall within the specifications of the flow meter.
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Figure 25. Turbine meter relative error in gas volumetric flow rate at each facility as a function of the
reference volumetric flow rate. It can be noted that the flow rates above 80 m3/h agree within the
laboratories” CMCs. While NEL results appear higher at higher flow rates, the claimed uncertainty is
also higher. At flow rates below 80 m3/h there are large discrepancies due to lower measurement
accuracy of turbine meters at low flow rates, as explained below.
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Figure 26. Turbine meter relative error in gas volumetric flow rate at each facility as a function of
the Reynolds number. It can be noted that at Reynold numbers above 2 x 10° the test points agree
within the laboratories” CMCs. While NEL results appear higher at higher flow rates, the claimed
uncertainty is also higher. At Reynold numbers below 2 x 10° there are large discrepancies due to
lower measurement accuracy of turbine meters at low flow rates, as explained below.

The results indicate that the difference in meter error in the flow measurements with
both meters between the three test facilities generally fall within the uncertainty range of
these test facilities, except at the bottom of the flow range.

Normalized Error |E,| Large Scale

Figure 27 presents the |E,| values for each test facility based on the Coriolis meter
measurements. Approximately 91% of the test points shown in this graph have |E,| <1,
demonstrating that the three test facilities—NEL, DNV and FORCE—are consistent with
the CRV, and therefore have successfully passed the equivalency test for the specific flow
conditions maintained during these test runs.
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Figure 27. The |E, | of the large-scale comparison for each facility at the various test conditions with
the Coriolis meter. It can be noted that most test points fall within the warning level, with three test
points falling between the warning and critical level.
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Figure 27 also highlights three test points where |E,| exceeded 1. These points had
|E,| values between 1 and 1.2, suggesting a potential warning regarding the measurement
processes at these facilities under the respective test conditions.

Figure 28 presents the normalized error (|E,|) values for each test facility based on the
turbine gas meter measurements. Over 68% of the test points shown in this graph have
|Ex| < 1. The figure also highlights eleven test points where |E,| exceeded 1. Two of these
points had |E;| values between 1 and 1.2, suggesting a potential warning regarding the
measurement processes at these facilities under the respective test conditions. However,
nine results had |E,| > 1.2, indicating that the test facility failed the equivalency test under
these specific low-flow conditions. It should be noted that the reported uncertainties do
not include the effect of long-term stability of the meters, increasing the normalized errors.
See more in the recommendations section.

The failed test points all occurred at flow rates below 85 m®/h—a range where turbine
meter performance typically deteriorates due to increased bearing friction. Additionally,
measurement reliability tends to decrease in this region due to limitations of the test facility
itself. Furthermore, for a given nominal test flow rate, the actual flow rates achieved at
each facility can differ significantly. This discrepancy can have a considerable impact in
low-flow regions, where the turbine meter’s response is highly sensitive to small changes

in flow rate.
E, for 4-inch Turbine
3.00
A
2.50
A
o
2.00 ® NEL 31 bara
o O Force 31 bara
- = @ DNV 31bara
= 1.50
i A A NEL 21 bara
Rl & EEEEEE R e R C R A Force 21 bara
1.00 B A DNV 21 bara
o
o AA ——Warning level
o - o
D g
A - = Critical level
0.50 = A A
A A a
B A
000 4 = L a
0 100 200 300 400 500

Reference volume flow (m3/h)

Figure 28. The |E, | of the large-scale comparison for each facility at the various test conditions with
the turbine gas meter. It can be noted that the | E, | values at flow rates above 80 m?3 /h are below
the warning level. At flow rates below 80 m3/h the | B, | values are outside the critical limits due to
lower measurement accuracy of turbine meters.

Nevertheless, the discrepancies are believed to be primarily attributable to the turbine
meter’s performance at low flow rates, as supported by the fact that the facilities showed
better agreement at low flow rates when using the Coriolis flow meter (Figures 24 and 27).
It should be noted that the turbine meter was also tested at atmospheric pressure at FORCE
in the beginning of the comparison and when the meter was returned to FORCE at the end
of the comparison, and at flow rates below 80 m?3 /h, a meter shift in the range of 0.2-0.8%
was detected in the positive direction, suggesting a drift in the meter itself in the lower
end of the flow rate range that contributes to the discrepancies between the laboratories.
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Additionally, the turbine meter was a new meter and since new turbine meters typically
need sufficient initial volume throughput to achieve long-term stability (also known as
“run-in” time), the meter likely drifted during the duration of the comparison.

5. Conclusions

This paper presented the results of interlaboratory comparisons for the calibration
of flow meters at intermediate and large-scale facilities with carbon dioxide to establish
traceability of CO, flow meter calibrations and support accurate flow metering across the
carbon capture and storage (CCS) chain.

In the large-scale comparison between FORCE, DNV, and NEL the facilities passed the
equivalency criteria in 91% of the test points in the flow range of 20 m3/h to 400 m3 /h with
the Coriolis meter, demonstrating traceability for carbon dioxide across facilities. Results
with the turbine meter below 85 m?/h were less satisfactory, primarily due to known
limitations in turbine meter performance at low flow rates.

Intermediate-scale comparisons between INRIM, VSL, and NEL confirmed traceability
for nitrogen across all facilities. Agreement was also observed between VSL and INRIM for
carbon dioxide. However, NEL's results for carbon dioxide differed significantly, which was
traced to the use of small-diameter sonic nozzles calibrated in air, known to produce errors
when used with carbon dioxide primarily due to vibrational relaxation effects, particularly
at low Reynolds numbers. These findings are also consistent with existing literature.

Having performed the interlaboratory comparison between the NEL, DNV, and
FORCE in the large-scale range and VSL and INRIM in the intermediate-scale range,
the facilities have established traceable calibration capabilities of CO, flow meters, which
enables accurate CO, flow metering and accounting to help the CCUS industry meet the
operational, fiscal and regulatory requirements, and help Europe meet its CO;, emissions
reduction target.

6. Recommendations

In the large-scale facilities at NEL, DNV, and FORCE, it is recommended to conduct
additional comparisons at flow rates above 400 m>/h to extend the validated range and
better serve the CCUS industry. When using the turbine meter, the tests could be done after
the meter has had the necessary “run-in” volume through it so that it is more stable over
time. The meter could also be tested at 21 bar(a) and 31 bar(a) with CO, when it is returned
to the pilot laboratory to determine the meter drift, such that the uncertainty due to the
drift can be calculated and included in the determination of the normalized error. As such,
the measurement uncertainty Uj; in (4 can be updated as follows (Equation (10)):

Ui = \/uluhz + U, + Urrs (10)

where Uy g is the uncertainty due to the long-term stability of the meter (drift) and is
calculated as follows:

Meter error at start of comparison — Meter error at end of comparison

V3

where the meter errors at start and end of the comparison are determined at the pilot

Urrs(k=1) = (11)

laboratory. In Equation (11) above, the error is divided by square root of three to convert
the absolute error to standard uncertainty contribution assuming a rectangular distribution.

In the intermediate-scale comparison between NEL, VSL, and INRIM, it is recom-
mended to conduct a comparison with an additional meter of a different technology that is
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compatible with all the facilities to gain more confidence in the traceability of the facilities
with carbon dioxide.

At NEL's intermediate-scale facility, further experimental and theoretical investigations
into the performance of critical flow Venturi nozzles with CO, are recommended, with the
aim of developing suitable correction methods to mitigate vibrational relaxation effects.
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Abstract

Wire and arc additive manufacturing is a promising technology for fabricating large and
complex metallic components. Wire arc methods, like MIG and MAG, use an electric arc to
melt and deposit metal wire layer-by-layer. The improvement of the surface depends on
the multi-bead overlapping model. However, the high quality of multi-layer deposits is
reduced by structural irregularities, such as geometric defects, poor fusion, and reduced
mechanical properties of the weld bead. The analysis of a single weld bead that solidifies on
a base material can be carried out to improve the geometry of the microstructure, to improve
the mechanical properties, and to understand the relationship between welding parameters
and the bead dimensions. In the present study, current metal welding technologies and
strategies in wire-arc additive manufacturing were discussed, and different weld bead
geometries using BOHLER SG2 solid wire were realized, varying the robot’s trajectory
length and welding speed. The computational models are proposed to create a dependence
between the controllable welding input parameters and resulting geometrical weld bead
outputs (width, height, length, and radius) for prediction and optimization. These models,
using techniques such as support vector machines and artificial neural networks, can be
a good tool for controlling quality by understanding these input—-output relationships.
However, the SVM has revealed a superior performance based on metrics for the nonlinear
and intricate relationships between the geometrical weld beads and welding parameters.

Keywords: additive manufacturing; metal active gas; neural network; support vector machine

1. Introduction

In engineering and manufacturing technologies, welding-based industrial coatings
for small or micro-scale parts are formulated to protect surfaces from corrosive chemicals,
abrasive wear under harsh conditions, and high or cryogenic temperatures, which can
lead to degradation mechanisms such as oxidation, sulfidation, thermal fatigue, abrasion,
sliding, and erosion in the materials [1,2]. Metal structures are realized using modern
welding techniques, such as metal inert gas (MIG), tungsten inert gas (TIG), stick, and flux-
cored welding [3]. Welding is a manufacturing process that is useful for the construction
industry, especially in fabrication and construction processes in which two parts are joined
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by means of filler material, and, thanks to the fusion process, a weld pool is obtained,
which, when cooled, will transform into a fixed joint [4]. Industrial robots have degrees
of freedom (number of axes), speed of action, weight to be supported, workspace, and
level of programming [5]. The robotic wire-arc additive manufacturing (WAAM) is a
3D printing method that uses a robotic arm with a welding torch to melt a wire and
deposit it layer by layer to create large, complex metal parts [6]. It’s a type of directed
energy deposition (DED) process that offers high deposition rates, making it suitable
for industrial-scale applications in aerospace, naval, and other manufacturing sectors to
produce components like wings or engine parts [7,8]. Wire-arc additive manufacturing
(WAAM) utilizes an electric arc as a heat source to melt the wire and create a 3D structure via
layer-by-layer material deposition [9-11]. The quality of the surface and the complexity of
the component can be a disadvantage, especially when high accuracy is required [12]. In the
WAAM process, the main critical parameters include the welding source, intensity, welding
speed, arc voltage and amperage, arc length correction, and dynamic correction [13].
The interaction between parameters of the kinematic system, such as welding speed and
welding source, affects the molten pool dynamics, influencing the mechanical properties
and surface of the final product by controlling heat input. The welding source is defined
by its energy intensity (i.e., arc) and power parameters (current, voltage, and speed)—it
is the primary driver of molten pool behavior, directly influencing its geometry, stability,
fluid dynamics, and microstructure. A higher-intensity source, such as a laser or hybrid
(laser-arc) system, creates a deeper, narrower, and more turbulent pool, whereas lower-
intensity arc welding creates a more stable, smaller pool. In contrast, conventional arc
welding tends to create shallower, wider, and more rounded pools [14]. Increasing the
welding current in arc processes increases the volume of the molten pool and reduces the
ratio of depth to width, leading to wider, flatter beads [15]. High-power sources create a
larger temperature difference, which influences the final weld shape. The welding source
dictates the heat input, which directly controls the volume (size), depth (penetration),
velocity (flow), and solidification speed (microstructure) of the molten pool. Heat input is
linearly correlated with the characteristic weld bead geometry, including the weld bead
height, width, penetration, penetration area, and reinforcement area [16-18]. Generally,
multiple fusion and solidification thermal cycles produce irregular heat propagation in
the microstructure and shape of the bead. The amount of liquefied material increases as
heat input increases, increasing the possibility of cracking and internal defect formation,
phase transformation, residual stresses, and distortion [19,20]. The effect of torch travel
speed and other parameters on microstructure and bead geometry is studied by applying
statistical tools to determine the effect of process parameters (wire feed, travel speed,
current, and argon flow rate) on the bead’s microstructure and geometry [21-23]. In [24,25],
travel speed and current significantly affect the weld bead’s microstructure and geometry.
Thus, the pre-heat of the substrate leads to smoother material deposition, improving
the surface deformation of the deposited metal [6]. Many studies report the effect of
WAAM processes on the deformation of microstructure components and the mechanical
properties of the deposited layers, influenced by the pool morphology and solidification
behavior [26-29]. These factors are inevitably involved in the optimization of the additive
manufacturing process. Numerical computational methods, including artificial neural
networks (ANNs) and finite element (FE) simulation, are used for the prediction of bead
geometry [30]. An autoregressive model (ARX) estimates outputs based on a sequence
of previous inputs and output responses, and has been used to simulate input—output
data with noise or the thermal response of a bridge. It has also been used to enhance
the geometrical precision of the modified metal inert gas (MIG) welding process based
on the short-circuiting (dip) transfer process by associating a nonlinear ARX model with
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wavelet networks [31,32]. The manufactured additives are produced using cold spray
additive manufacturing, suitable for coatings that adopt a supersonic gas jet to accelerate
powder particles to 500 to 1000 m/s and enable solid-state deposition onto a substrate
through the kinetic energy of the particles without melting, resulting in a mean absolute
error of 8.3% [33,34]. An alternative artificial neural network (ANN) model using the
backpropagation algorithm was proposed to predict the cross-sectional geometry of a
single symmetric track profile in the pulsed-laser powder deposition process, which is
highly nonlinear [35]. The performance of the developed models in bead height and width
predictions was compared to the track profile using the Gaussian model [36,37]. Other
investigations have provided numerical simulations within the WAAM process; however,
these are limited by complex models described by physical processes and by the ideal
cuboid geometry used in most FE simulations to represent sedimentary layers [38-40].
Therefore, the influence of process parameters on the dimensions and microstructure of
manufactured parts to achieve optimization should be studied with an efficient, intelligent,
and less complex method.

In this study, the prediction of the geometrical dimensions of a deposited layer mi-
crostructure fabricated via the WAAM process with copper-coated solid wire BOHLER SG
2 was achieved using ANN (artificial neural networks) and SVM (support vector machines)
under different welding and geometrical parameters. These computational models have
established a mathematical relationship between input and output data. The welding
parameters, namely welding speed and the robot’s trajectory length, are the input data, and
the output data are the geometrical parameters, such as the total continuous length of the
weld, weld toe and root radius, the widths of a deposited weld bead at different positions
along its length measured using a microscope with high accuracy, and the height of the
weld metal measured in the middle of the bead using a caliper. The input data, namely
the welding speed, were set in the moderate-high speed range to achieve narrower and
shallower weld beads with faster cooling rates, and the trajectory length was considered an
independent variable defined as the spatial path programmed for the robot’s end-effector,
but it does not directly affect the physics of the melt pool. However, the model analysis
can be a useful tool to vary a few parameters, as in this case, welding speed and trajectory
length, to accurately predict the complex system geometry with a small number of key
parameter combinations. The machine learning models are compared and used for the
complex dataset in the analysis of the morphology (weld height, weld width, etc.) of the
single deposited layer under different welding speeds and path trajectories. The prediction
result of the SVM model is superior to that of the ANN model, and the mean error of
the SVM is much lower than that of the ANN. Although the ANN model fits the training
data very well, it has poor test performance. The main contributions of this work include
the following:

* A comprehensive overview of fundamental process characteristics of significant addi-
tive manufacturing techniques for fabricating large and complex metallic components,
including binder jetting, powder bed fusion, sheet lamination, and wire arc directed
energy deposition, is investigated. The main parameters of various additive manu-
facturing technologies are explored, including layer thickness, deposition speed, and
temperature, which are crucial for mechanical properties and print quality. In particu-
lar, the key parameters for additive manufacturing, such as travel speed, deposition
strategy, path planning, current, voltage, and wire feed speed, determine the desired
geometry and significantly influence the characteristics of multi-layer structures in
terms of bead geometry.

e The geometry inspection of high-quality weld beads of copper-coated solid wire
BOHLER SG 2 was performed using a microscope and a caliper, offering high levels
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of accuracy for post-process treatment. The welding procedure was performed using
a wire feeding system to melt the metal wire, controlled by the robotic arm controller.
In the experiment, the weld bead samples with different trajectory path lengths and
welding speeds were realized.

e A comparison of ANN and SVM for geometry prediction of weld beads (i.e., width,
height, radius, and length) from welding parameters, such as welding speed and the
robot’s trajectory length.

In Section 2, current metal welding technologies, including material jetting, directed
energy deposition (DED), powder bed fusion (PBF), and binder jetting within additive
manufacturing (AM) processes, with particular attention to various process variables,
challenges, and strategies in wire-arc additive manufacturing, are presented. In Section 3,
the welding process conducted using the welding robotic arm and control system, the
measurement and testing procedures for quality control of the weld bead, and a brief
discussion of the computational models are presented. The results of the ANN and SVM
computational models are presented in Section 4. Thus, in Section 5, the conclusion
is given.

2. Literature Overview: Metal Additive Manufacturing Methods

Additive manufacturing (AM) is a 3D printing technology used in various industries
for the design process involving adding material layer by layer to create objects from 3D
model data achieved by utilizing computer-aided design (CAD) software tools [41-43].
The additive manufacturing methods can be classified by the American Society for Testing
and Materials (ASTM) into VAT photopolymerization, powder bed fusion, binder jetting,
material jetting, sheet lamination, material extrusion, and directed energy deposition.
One common type of 3D printing technology is material extrusion (ME), also known
as fused deposition modeling (FDM), which involves the creation of parts by extruding
thermoplastics layer by layer using polylactic acid (PLA), deposited to create each object
at a temperature between 190 and 230 degrees Celsius [44]. Metals like super-alloys are
processed using fusion-based additive manufacturing (AM) techniques like powder bed
fusion (PBF) and directed energy deposition (DED), which melt material layer-by-layer [45].
Wire-arc additive manufacturing (WAAM) and thermal-based methods like high-velocity
oxygen fuel (HVOF) are also used. PBF uses a laser or electron beam to fuse powders, DED
adds material to a substrate with an energy source, while WAAM uses an arc to melt wire,
and HVOF uses a jet of gas to heat and propel molten powder [46]. Using AM with welding
methods can be classified as welding-based additive manufacturing (WAM) processes,
like wire-arc additive manufacturing (WAAM), laser additive manufacturing (LAM), and
electron beam additive manufacturing (EBAM). Previous studies have examined the impact
of prominent process variables on mild steel, such as welding speed, welding current,
welding voltage, wire feed rate, and gas flow rate, and the quality of the weld based on
two key process responses, namely joint penetration and percentage defect, determined
by the response surface methodology (RSM) using a central composite design (CCD)
method in order to establish the best parameter settings [47]. In the regression analysis, the
current and the wire feed rate are the key factors that have a substantial impact on joint
penetration, whereas the percentage of defects is heavily dependent on the voltage and the
feed rate [48]. Therefore, the ambient environmental conditions can affect the thermal cycle
of the weld (heating and cooling rates) and the characteristics of the welded joint, affecting
microstructure, hardness, grain morphology, and bead geometry [49]. The desired welding
quality can be achieved with high melting power and high welding speed [7]. The essential
features and methods of additive manufacturing techniques, such as ultra-torque friction

https://doi.org/10.3390 /metrology6010018
96



Metrology 2026, 6, 18

stir deposition, metal binder jetting, sheet lamination, powder bed fusion, and directed
energy deposition, based on scientific knowledge, are presented.

2.1. Ultra-Torque Friction Stir Deposition

Ultra-torque friction stir deposition can create components and microstructures with
simpler or less complicated geometry, with the capacity to fuse a wide range of multiple
materials [50]. In the solid-state technique, the material is not melted, minimizing defects
like porosity, and it uses a rotating tool to heat and plastically deform feedstock material
and to process structural metals and alloys [51]. The tool moves along a predetermined
path, resulting in heat generation by friction and severe plastic deformation and leading to
metallurgical bonding between the layers of the sheets. The important process parameters
are the rotational speed and tool traverse rate, which influence frictional heat generation
(i.e., higher rotational speeds increase frictional heat generation in deposition stages),
material feed rate, and the axial force that generates friction between the tool-work material
interfaces, which can plasticize the material in the welding zone [52]. The size of the tool
and feedstock set limits on the size of features and overall geometric forms. The maximum
feed rate is constrained by the axial force limit of the machine, as a higher feed rate causes
a higher axial force due to the increased rate of material buildup behind the tool [53].
Cooling and heating conditions also influence the resulting mechanical properties during
the build process. The achieved in-plane resolution is very low compared to other AM
processes, limited to approximately 10 mm or higher, depending on the tool and feedstock
geometry [54]. The poor surface quality on the side walls is primarily caused by flash as a
result of excess material forced beyond the deposition tool, causing weak bonds between
layers at the edges of the deposited track, where the flash is not mixed with the underlying
substrate or previously deposited layers [55,56]. Poor quality on the surface is due to the
concentric ring pattern known as onion skin [57]. The layer height is set to a value between
1 and 2 mm; however, higher layer thicknesses (2 and 3 mm) affect the tensile properties
of the deposited material in the build direction. Layers of 1 mm present considerably
lower fracture strains and ultimate tensile strength [58]. Thinner layers effectively have
more layer interfaces in the build direction, but also have an increased number of interface
defects than thicker layers.

2.2. Metal Binder Jetting Additive Manufacturing

Metal binder jetting (MB]) or material jetting is an additive manufacturing technique
that builds metal parts layer by layer using a liquid-based binding agent to join the ma-
terial in a powder bed. The powder parameters and properties, such as particle porosity,
impurity levels, and powder flow behavior, substantially influence the process stability
and robustness [59]. Tap density plays an important role in the powder bed characteristics,
and finer powders, which are more active in sintering, increase the interparticle friction,
promoting particle bridging and agglomeration [60]. The powder, or skeletal, density,
usually measured with an inert gas pycnometer, is used to analyze particle inner porosity,
possible cracks, satellites, and also the phase composition of the material or alloy content,
as density depends on possible alloying elements of the metallic material [61]. Particle
morphology influences the powder packability and flowability. The metal binder jetting
process can build walls with widths from approx. 1.5 mm to more than 80 mm without
defects; however, the maximum wall height is limited to eight times the wall width [62].

2.3. Sheet Lamination

Sheet lamination is an additive manufacturing method used to create 3D parts or very
large prototypes using sheets of fused metals. The sheet lamination process can be classified
into laminated object manufacturing (LOM) and ultrasonic consolidation [63]. The objects
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are made by a machine that deposits the material sheets or composite prefabricated layers
at 0° and 90° and then heats, compresses them from a continuous roll, and cuts the layers
to form a single part. The desired geometry is created by bonding these layers using a
heat-activated resin [64]. The sheets are first welded together in layers using ultrasonic
welding or friction stir welding, and then the desired 2D cross-section is cut from the
stacked layers with a laser or a blade. The excess material is removed, leaving a finished
part, although some techniques, like ultrasonic additive manufacturing (UAM), integrate
CNC machining to build the final shape [65]. However, the traditional LOM method is not
able to work on multi-material structures.

2.4. Powder Bed Fusion Additive Manufacturing for Metals

Powder bed fusion (PBF) can produce 3D objects with complex geometries and high
accuracy using a heat source, like a laser or electron beam, to melt and fuse layers of
metal powder; however, it has a high operational cost and uses toxic metal powder [66,67].
The process involves metal and ceramic powders with grain shape (spherical, irregular,
granulated), grain size, and composition that play a crucial role in powder selection for
the product [68]. The control and selection of irregular powder grains’ shape and size
distribution can increase the density of the powder deposited in a layer before sintering
or melting [69]. In powder bed fusion, layers of powder are repeatedly fused; in fact, the
platform lowers by one layer’s thickness, and a recoater (or roller) spreads a new layer
of powder over the previous one. A heat source, like a laser or electron beam, then fuses
the new layer, overlapping with the previous one to ensure strong bonding [70]. This
layer-by-layer overlap builds a 3D object from the bottom up. Lack of fusion porosity can
affect the mechanical behavior of layers containing defects, irregularly shaped pores, and
unmelted powder particles attributed to incorrectly selected processing parameters, such
as laser beam fluctuations, surface gas flow, and raw material characteristics [71].

2.5. Direct Energy Deposition

Directed energy deposition (DED) is a process with high deposition rates that utilizes
an electric arc or laser to melt metals and alloys in the form of wires or powders employed
for producing 3D structures of metallic materials, including the formation of gradient
structures [72,73]. DED utilizes wire or powder, employing a robotic arm, and can be
classified into wire and arc additive manufacturing (WAAM), wire and laser additive
manufacturing (WLAM), and wire and electron beam additive manufacturing (WEAM)
processes [74]. The types of DED processes may use a laser as a thermal energy source;
wire-fed DED uses an electric arc, a plasma arc, a laser, and an electron beam as a thermal
energy source.

2.6. Wire-Arc Additive Manufacturing and Gas Metal Arc Welding

The additive manufacturing technology that uses MIG (metal inert gas) and MAG
(metal active gas) deposition is wire-arc additive manufacturing (WAAM), which is a form
of directed energy deposition [73,75]. WAAM utilizes a combination of an electric arc
as a heat source and a filler wire operated typically as an anode to form a liquid metal
pool, thus depositing material layer by layer and creating objects, including large-sized
parts. The tip of the wire, as well as the workpiece (cathode), melts under the impact of
arc attachment. Gas metal arc welding (GMAW) has revealed many advantages, such as
providing shaped parts with high precision dimensional tolerances with a higher deposition
rate (15-130 gr/min) compared to AM processes at a lower cost of raw material [76]. The
metal inert gas (MIG) welding is the process that is used to melt and join metals by
establishing an arc between a continuously fed filler wire and the base metal. The arc and
molten weld pool are usually shielded by inert gases (Ar and He), important for weld
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metal toughness and for preventing oxygen and water vapor from reacting at the point
of merger [77]. However, the MIG arc is unstable in pure argon because of instabilities
in the cathode spots on the base metal surface, creating weld defects and irregularity of
the weld bead, so metal active gas (MAG) welding uses some active gas, like O,, Hj, or
CO, mixed with inert shielding gas, improving the arc stability and welding execution [78].
Tungsten inert gas (TIG) has fewer spatters and better weld bead surfaces than welding
using MIG with pure Ar, although its process has a slow speed and a small amount
of deposited metal [72]. In WAAM, the final product can be optimized by controlling
and managing the process parameters like current, voltage, welding speed, welding rate,
welding angle, polarity, preheat temperature, shielding gas, gas flow rate, and deposition
strategies that also affect the texture, size, shape, and penetration of the joints, along with
overall quality, costs, and productivity [79]. Bead roughness decreases with the increasing
current and process parameters, including bead thickness, wetting angle, and melt-through
depth, which escalates with an increase in arc current [80]. Arc length is controlled by
voltage, while wire feed depends on bead height and amperage. The increase of wire
feed rates or amperage reduces the wetting angle [81]. Travel speed affects joint quality;
in fact, with increasing travel speed, the wetting angle, melt-through depth, and bead
width decrease, while bead roughness increases slightly [82]. Conversely, a slower travel
speed leads to excessive buildup. By progressively increasing travel speed with each
layer, the heat input is reduced by 5-20% between adjacent layers. In wire-arc additive
manufacturing, the weld source can move freely around the workspace, processing layer
by layer. The large thermal gradient caused by the weld source can lead to condensation
on the workpiece and electrode, stress, and cracks inside the workpiece, resulting in
lower product quality [83]. The rapid cooling rates and thermal gradients lead to the
presence of residual stresses, thus part deformation, layer delamination, reduced geometric
tolerance, and compromised mechanical properties, including fracture resistance and
fatigue performance [84]. The residual stresses can be described using destructive methods,
such as a combination of the ring-core method and hole-drilling, and, in general, by semi-
destructive methods. The porosity due to the presence of gas trapped in the material
negatively affects its mechanical characteristics, including fatigue resistance, anisotropy;,
oxidation, and corrosion resistance [85]. Irregularly shaped pores can reduce the strength
and structural integrity of the material, leading to substantial dislocation accumulation and
stress concentration. The porosity and density can be measured using gas psychrometry,
hard X-rays at synchrotron facilities, X-ray micro computed tomography (1-CT), image
analysis of metallographic cross-sections, ultrasonic pulse-echo velocity measurements,
and the Archimedes technique [86]. The porosity can be minimized below 0.035% using the
techniques of pulsed GMAW or cold metal transfer with monitored short-circuiting (CMT-
PADV) [87]. Cracking and delamination are defects that can compromise the coating’s
performance and mechanical properties and lead to grain boundary cracks [88]. Process
monitoring and real-time vision process control, integrated with additive manufacturing to
enhance part quality, can improve the accuracy of the geometries of multi-layer, multi-bead
components where the layers are overlapped [89]. A layer-overlapping (LOS) process
is achieved when the new layer is deposited over the previous one to build up the part,
despite limitations such as a non-uniform surface profile or height. This process is analyzed
through mathematical models, taking into account the position and deposition amount
of the layer. The temperature distribution and number of layers determine the quality of
deposition after each layer and the profile quality [90]. The trajectory-planning strategy
that affects the deposition quality and temperature distribution, causing warping, stress,
and defects, includes raster, contour, and zig-zag strategies for the creation of geometrical
complexities and the calculation of process parameters incorporated in the weld robot [91].
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Therefore, the grain size and morphology are influenced by the temperature gradient. They
affect the mechanical properties and anisotropy of metals; for example, finer grain sizes
improve the metal’s mechanical properties [92]. In metal manufacturing, metal active gas
welding is considered efficient and versatile in automation processes [41-43].

3. Materials and Methods
3.1. Experimental Set-Up Description

In this study, the single-layer samples of the weld bead were realized using the arc
wire welding process with the aim of optimizing the weld bead geometry and process
parameters. The welding workstation integrates a welding robotic arm, welding power
supply, human-machine interface, and robotic arm control system for the metal-melting
process in order to deposit metal wire in layers. The experiments were carried out using a
robot-based WAAM system implemented at the laboratory of the Department of Production
Technology and Systems, Faculty of Industrial Technology, Technical University—Sofia.
The functional architecture of the system is shown in Figure 1.

Substrate

Figure 1. Schematic diagram of the robotic melting wire.

It includes a FANUC Arc Welding Robot ARC Mate 100iD industrial robot with a R30iB
Plus controller from FANUC America Corporation, integrated into a welding application
using the Roboguide software (FANUC ROBOGUIDE V10), a welding source provided
by the Inverter MIG/MAG wire feeder Fronius TPS 320i, and a manufacturing platform
made of a structural steel base plate. The compact design of the Inverter MIG/MAG
wire feeder Fronius TPS 320i C/4R/FSC Standard /320 A/ manufactured by FRONIUS
INTERNATIONAL GMBH, Froniusstrafie 1, A-4643 Pettenbach, Austria, integrates a pipe
feeder and a multifunctional, pulsed power source designed for MIG-MAG welding. The
built-in wire feeder is designed for spools up to 300 mm. The flexible manufacturing
structure uses the ARC Mate 100iD robot, an articulated-arm robot integrated into the arc
welding application, using the Roboguide software and the R30iB Plus controller. The
welding equipment is based on a TPS/i welding system with a power capacity of up to
600 A and a working voltage of 16.8 V. R-R30iB Plus A-Cabinet is a FANUC standard
cabinet with dimensions of 600 x 500 x 470 mm, including the R30i controller, which is
designed for very high performance in terms of cycle time, speed, accuracy, and safety, and
complete connectivity via an Ethernet network. The iPendant Touch is a control device
with an intuitive iHMI interface.
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The simple strip geometry samples were printed using wire-arc additive manufactur-
ing. The electrode copper-coated solid wire BOHLER SG 2, Voestalpine BOHLER Welding
Germany GmbH, with a diameter of 0.8 mm, was used for welding deposition, suitable for
many carbon steel welding applications, with the typical mechanical properties (as welded)
shown in Table 1.

Table 1. Mechanical properties of BOHLER SG 2.

Typical Mechanical Properties (as Welded)

Shielding Gas 75% Ar/25% CO,

Tensile Strength 580 MPa

Yield Strength 480 MPa

Elongation 30% (minimum > 20% or > 22%) (Lo = 5d)

5G2 contains moderate amounts of manganese and silicon to provide sufficient deoxi-
dation over light mill scale. The nominal chemical composition of the studied BOHLER SG
2is: C 0.07%, Si 0.85%, and Mn 1.5%, as provided by the manufacturer [93]. The BOHLER
SG2 strip samples were manufactured by the robot ARC Mate 100iD onto a solid steel
support structure. In total, 16 samples were printed on the solid structure build plate at the
same time. All samples were oriented in the same direction and located in four columns

side by side, with five or three samples per row, as shown in Figure 2.

Figure 2. Bead samples realized with different sizes and different welding speeds.

In the melting process, an inert and non-toxic gas mixture of (Ar = 82%) and
(CO; = 18%), stored in a pressurized gas cylinder, is used to produce a smooth, quiet,
and stable arc. The pressure of the gas cylinder was 20 MPa (200 bar) at the T = +15 °C.
In the procedure, the gas purge is 0.35 s, with gas pre-flow and post-flow of 0.20 s. The
arc start (and end) pre-time is 100 msec. The welding parameters controlled to produce
acceptable welds include arc current, arc voltage, wire feed speed, electrode travel speed,
current density, and preheat temperature. The welding voltage is 16.8 V. The experiments
were conducted on a mild steel substrate (5235]2) with dimensions of 26 x 10 x 6 cm,
which was cleaned before carrying out the depositions. In the experiment, deposition
samples of different sizes were realized using gas metal arc additive manufacturing. The
motion termination type, which determines how the robot moves between points, and the
taught points determine the “length” of a trajectory path in FANUC robotics. In particular,
the weld bead samples with trajectory path lengths of 10 mm, 20 mm, 30 mm, and 40 mm
for speeds of 8 mm/s and 5 mm/s were realized. In Fronius TPS1 Inside Enet, the welding
conditions are set by the controller, which communicates with the Fronius power source
to control welding parameters like current, voltage, and process selection. In this case,
the wire-feed speed is set to 5.2 m/min, the welding voltage is 16.8 V, and the current
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is 80 A. The welding process was performed in 15 minutes to obtain the final welded
structures. The welding arc temperature exceeds 1400 °C to melt both the BOHLER SG
2 wire and the base metal, as reported by [93]. The welding voltage is set to 16.8 V, and
the welding speed was varied and set to 5 mm/s and 8 mm/s. The deposited beads with
varying welding speeds of 8 mm/s and 5 mm/s demonstrate significant differences in
bead geometry, heat input, and solidification in welding processes. Generally, a higher
speed (8 mm/s) results in a smaller, narrower, and shallower bead, while a lower speed (5
mm/s) produces a wider, deeper, and more heavily built-up bead due to increased heat
input per unit length [94]. The entire procedure of material deposition lasted 2 min for one
weld bead. For all tests, a single directional deposition strategy was used for each sample.
The contact tip-to-work distance was fixed at 15 mm to maintain stable metal transfer,
preventing excessive burn-back or stubbing, and optimizing melting and deposition to
achieve a consistent deposition rate and a stable weld bead [95,96]. After the melting
process, the next step involved 15 min of cooling at room temperature for the weld beads,
and external measurements of dimensions were conducted using a Vernier caliper with
high accuracy and under a microscope.

3.2. Measurement Method in Wire-Arc Additive Manufacturing

Measurement and testing procedures utilizing a post-process inspection microscope
and a caliper are used for quality control of weld size and geometry. However, before
the microscope measurements, the strips were treated using the post-process treatment
introduced in the process diagram in Figure 3.

Microscope
measurements

Figure 3. Diagram of the process chart of samples.

After the printing, as-built samples located on a steel plate were cut using the Harris
BS260G horizontal bandsaw machine, which has specifications including a blade size of
2455 x 27 x 0.9 mm, a motor power of 1.1 kW (1.5 HP), and a blade speed of 36/72 m/min.
Its cutting capacity includes a maximum round capacity of 230 mm at 90° and a rectangular
capacity of 260 x 150 mm. After that, the samples were cleaned and fully immersed in
distilled water for 20 min using a BANDELIN SONOREX SUPER RK ultrasonic bath
with internal dimensions of 240 x 140 x 100 mm to remove impurities and prevent
any interference with subsequent testing. Distilled water was used because it is free
from minerals and other contaminants present in tap water. Then, they were air-dried in
the same conditions as the treatment to remove all water. The width and height of the
deposited beads are considered critical parameters that significantly influence the accuracy
and quality of the final product. In fact, the relevant measurements have demonstrated
that the dimensions for each sample change after the deposition, as shown in Figure 2.

In this case, the deposited beads exhibiting different sizes as shown in Table 2 were
realized with a welding speed of 8 mm/s and 5 mm/s and an initial trajectory path
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defined by the FANUC robot set to 10, 20, 30, and 40 mm. The inconsistent lengths in
single-pass weld specimens can be attributed to several factors. For example, welding
can introduce localized heat, causing expansion, followed by cooling-induced contraction,
which can result in different final lengths. Small variations in the initial length of base metal
plates, or inaccuracies in trimming/cutting after welding, can lead to uneven specimen
lengths. The measurement tests were initially conducted using a caliper to get a rough
estimation of the sample size, as standard practice. After that, the strip dimensions were
compared to the morphology measurements conducted using the metallurgical microscope
for material analysis, BestScope model BS: BS-6022TRF, with a magnification range of
100x-1000x. Initially, to make accurate measurements, it was required to calibrate the
microscope images. The scale calibration process maps a known number of pixels to a
known real-world distance (e.g., millimeters or micrometers), also using the stick meter
placed within the image frame for measuring the dimensions of different welds obtained in
AM (Figure 4a). Therefore, the morphology of the surface metal strip (number 2.2) obtained
by additive manufacturing was analyzed under a microscope to identify the weld’s quality,
geometric features, and potential defects. The digital image of the metal strip surface
shown in Figure 4a was captured with the microscope objective L PLAN 5x 0.12”, x100
magnification and a resolution of 5472 x 3648 pixels using the Capture 2.1 software. The
microstructure image of the weld metal illustrates the formation of distinct grain zones
due to varying heat input, with an average grain size of approximately 100 um, as shown
in Figure 4b.

TR ) e

(a) (b)

Figure 4. (a) Measurement size of some weld beads under a microscope; (b) surface of the metal strip
under the BestScope model BS:BS-6022TR microscope without active cooling.

As shown in Figure 4b, a direct correlation between welding parameters, welding
geometric parameters (such as weld height and width), and the weld microstructure (grain
size and phase composition) is exhibited [97]. Variations in parameters like welding current,
voltage, and travel speed can change the heat input and cooling rate, which in turn dictate
the weld pool size, grain refinement or coarsening, and phase transformations. Lower
welding speeds result in higher heat input, leading to lower cooling rates, which produce
coarser grains and wider, less-desirable columnar zones. Conversely, higher welding
speeds or lower heat input result in narrower welds with finer grain structures. Increasing
the welding heat input, which is reflected in wider and higher weld beads, produces a
more pronounced mixed grain zone, coarser grain sizes, and different phase compositions
compared to lower, more controlled heat inputs [98]. Higher current or lower speed
produces wider or higher beads with coarser microstructures, while lower current or higher
speed produces narrower or shallower beads with refined microstructures.
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3.3. Computational Method: Neural Networks and Support Vector Machine

This study focuses on the prediction of weld geometric parameters for copper-
coated solid wires in the WAAM process. ANN and support vector machine mod-
els are employed to establish correlations between welding speed, trajectory length,
and weld geometric parameters (e.g., width, height, radius). In particular, the weld-
ing speeds were set from 5 mm/s to 8 mm/s, which represents a moderate-to-high
speed range often used in precision applications, and the trajectory length was cho-
sen within the range from 10 mm to 40 mm [99]. A narrower and shallower weld
bead and faster cooling rates result from the decrease in heat input per unit length
caused by an increase in welding speed from 5 mm/s to 8 mm/s. A speed of
5 mm/s is typically considered a good compromise between productivity and sufficient
heat input for appropriate penetration. Faster speeds (about 8 mm/s) usually result in grain
refinement and higher hardness in the weld seam, whereas slower speeds (about 5 mm/s)
may create a coarser microstructure due to increased heat input. While the trajectory length
is considered an independent variable defined as the spatial distance or path programmed
for the robot’s end-effector (e.g., path length in mm), it does not directly affect the physics
of the melt pool. A change in trajectory path—such as at sharp corners—can force the
FANUC robot to decelerate, which indirectly increases local heat accumulation, affecting
the melt pool size. The other parameters, like current, heat input, interpass temperature,
and arc mode, are not considered in the computational models, although a significant
risk can be introduced to the accuracy of the final product and its structural integrity due
to non-homogeneous and defective parts. However, the model analysis can be a useful
tool to vary a few parameters, as in this case, welding speed and trajectory length, to
accurately predict the complex system geometry with a small number of key parameter
combinations. The computational method, the neural network (or artificial neural network,
ANN) that consists of interconnected nodes and neurons in layers to process complex data
for mapping inputs to outputs, and the support vector machine (SVM), are compared and
proposed to produce high-quality and repeatable weld beads. The precise control of the
welding process using a specialized FANUC robot can be combined with the predictive
mathematical model to define the geometry of weld beads based on welding parameters
such as the FANUC robot’s trajectory length and welding speed. The welding parameters,
such as the FANUC robot’s trajectory length and welding speed, can be used to forecast the
geometrical size parameters of the weld bead, such as width, height, and radius, in order
to ensure the quality of the deposited weld bead. In particular, welding speed can lead to
narrower or wider welds with less or higher penetration, while the robot trajectory length
refers to the distance traveled by the robot from its starting point to its destination. There-
fore, the relationships between the welding and geometrical parameters can be described
and modeled using an artificial neural network, and the performance can be enhanced
with an SVM.

The FANUC robot’s trajectory length and the welding speed are provided as inputs to
the ANN computational model. In particular, based on the proposed melting procedure,
the welding speed and trajectory length vary in the range from 5 mm/s to 8 mm/s and
from 10 mm to 40 mm, respectively. The geometrical parameters, such as the height of a
weld bead measured using a caliper, as well as the different widths, lengths, and weld toe
and root radii of the weld bead measured using a microscope, are considered as output
data of the ANN computational model. Some relevant measurement data are reported in
Table 2. The developed architecture of the neural network method is shown in Figure 5.
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Figure 5. Developed architecture of ANN with inputs and outputs.

The support vector machine (SVM) was adopted due to its nonlinear data regression
capability, using the same parameters as those used in the ANN.

The choice between ANN and SVM for data fitting has involved the balance of
performance metrics against dataset size, computational resources, and data dimensionality.
The SVM is preferred for small to medium datasets with high dimensionality, as it is more
robust to noise and less prone to overfitting. However, ANN is suitable for mapping
complex datasets with nonlinear relationships and high-dimensional functions, but it
requires regularization to manage overfitting. It is often trained via backpropagation,
which can lead to local minima, although it often achieves lower error on extremely
complex, large-scale data.

4. Results and Discussion
4.1. Artificial Neural Network

In the first scenario, the feedforward neural network approach was used for multi-
target training for all weld metal geometries as output data, and referred to welding
speed and weld length parameters as input data. The feedforward neural network model
is applied to formulate the mathematical relationships between the input values of the
processing parameters, such as weld length and welding speed, and the output geometrical
values due to intrinsic nonlinear characteristics. Furthermore, the input parameters, such as
welding speed, can influence the final products, determining different geometrical shapes.
A feedforward neural network equation defines a function:

y=f(x;0) = e DW= oMWy 4 pMy ) 4 ph) 1)

This function maps inputs (x) to outputs (y) through layers, with each layer per-
forming a weighted sum of the previous layer’s output, with W representing the matrix
of the weights plus a bias (b), followed by an activation function (¢) to approximate
complex functions.

4.2. Feedforward Neural Network Results

In this work, the feedforward neural network contains three layers: the input layer
has three neurons, the only hidden layer has three neurons, and the output layer has ten
neurons, as shown in Figure 6a.
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Figure 6. (a) Design view of the neural network structure; (b) training performance of the neural network.

Mean Squared Error (mse)

The number of neurons in the input layer and output layer is determined by the
problem itself. However, the number of neurons in the hidden layers has been selected
rigorously due to underfitting and overfitting problems. The activation function is the
nonlinear transformation of the input signal. The hyperbolic tangent (tanh) function is
used in the first and second layers of this network as a nonlinear activation function. It
maps inputs to an output range of —1 to +1. It is expressed by a mathematical formula:

eX —e ¥

tanh(x) = ——— 2
(x) = S @
where x is the neuron’s input. Therefore, the sigmoid activation function is used to take the
x1, the neuron’s input weighted sum of the previous layer’s outputs, and to squash it for
binary classification. The sigmoid activation function is used using the following formula:

o(x) = L 3)

 1+e™

The number of neurons in the hidden layer was iteratively determined to train the
network and identify the optimum number of neurons in the hidden layer. To minimize the
differences between the target (experimental weld metal geometrical parameters) and the
output (the response of the ANN generated by a weight-adjusting process), the gradient
descent algorithm (traingd) was used. The network training function traingd sets the
network properties, with the role of minimizing the squared error and updating the weight
and bias values according to gradient descent. The mean square error (MSE), which
measures the distance between the vector of predictions and the vector of target values, has
given the best validation performance of 0.28546 at epoch 1000, as shown in Figure 6b. The
selection of epochs, namely the number of complete passes through the training dataset,
is a critical hyperparameter optimization process. The role is to find the balance between
underfitting (too few epochs) and overfitting (too many epochs), ensuring the model
generalizes well to unseen data. The optimal number of epochs is the point where training
and validation curves are both low and close together, just before the gap between them
widens (a sign of overfitting). As seen in Figure 6b, the green line (validation curve), the
train curve, and the red line (test best curve) are low and close together, which signifies that
the model is learning effectively and generalizing well to unseen data, without overfitting.
After the training, learning, and validation process, the weight parameters associated with
hidden layer 1 and input 1 are shown in Table 3, the weight parameters associated with
hidden layer 2 and hidden layer 1 are shown in Table 4, and the weights associated with
hidden layer 3 (or the output layer) and hidden layer 2 are shown in Table 5. The bias
parameters associated with the layers are shown in Tables 6 and 7.
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Table 3. Weight to hidden layer 1 from input 1.

i/j 1 2
1 1.9276 1.9729
2 —1.8407 1.5628
4 —2.1323 —2.0933
Table 4. Weight to hidden layer 2 from hidden layer 1.
ifj 1 2 3 4
1 —0.17577 1.3751 —1.4229 —0.24299
2 1.1146 0.58799 —1.3797 —0.44353;
4 0.0049168 —0.76937 0.26311 —1.0153
Table 5. Weight to hidden layer 3 (or output layer) from hidden layer 2.
i/j 1 2 3 4
1 —0.69624 0.69233 —0.45496 —0.27289
2 —0.011152 0.87821 —0.55114 0.080929
3 —0.11743 —0.011739 0.2064 0.87849
4
10 0.73341 0.14311 —0.089988 —0.03193
Table 6. Bias to layer 1 and bias to layer 2.
i/j 1 2 3 4
b(1) —2.5965 —0.018938 —0.75416 —2.596
b(2) 1.857 —0.036711 0.018685 —2.3999
Table 7. Bias to layer 3.
i/j 1 2 3 4 10
b(3) —0.11821 0.087478 0.7627 0.20099

All response plots used to evaluate how well a model’s predictions align with real-
world target data are shown in Figure 7. In particular, the comparisons between the
predictions and the actual data achieved by ANN are reported in Figure 7 for height, length,
weld toe radius (rs), and root radius (r¢), and in Figure 8 for wy, ..., wg.

For measuring data forecasting, the metrics involved are mean absolute percentage
error (MAPE), which is calculated as the average absolute percentage difference between
predicted and actual data, and mean absolute error (MAE), calculated as the average
absolute difference between actual and predicted values. Lower MAPE/MAE means
higher forecasting accuracy, often suggesting low deviations. Generally, an MAPE under
10% is considered excellent. For robust forecasting, it is common to report both metrics
along with others to fully understand model performance. The results of the predicted
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model for weld bead heights as a function of the sample number are reported in Figure 7a
with an MAPE of 12.51% and an MAE of 0.26 mm. The results of the predicted model for
weld bead lengths as a function of the sample number are reported in Figure 7b, with an
MAPE of 4.24% and an MAE of 0.95 mm, showing a more accurate prediction than height,
although with a low level of accuracy. In Figure 7d, the MAPE and MAE between predicted
and actual values for weld toe radius (rs) are 11.0514% and 0.2669 mm, and for root radius
(re) are 6.1668% and 0.1516 mm, respectively. Definitely, the weld bead length is identified
as the most accurate prediction due to its low MAPE, even though its absolute error is
higher than that of other parameters. The predicted model for the root radius is notably
more accurate than the model for the weld toe radius.
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Figure 7. The response plots for the ANN prediction model show the predicted and observed weld
bead geometrical values as a function of the sample number for (a) weld bead heights, (b) weld bead
lengths, (c) weld toe radius, and (d) weld bead root radius.

In Figure 8, the response plots of the ANN prediction model for weld bead widths as
a function of the sample number are shown. In Figure 8a, the response plot for the ANN
prediction model for width w is reported with an MAPE of 6.13% and an MAE of 0.31 mm;
in Figure 8b, for width w, with an MAPE of 8.01% and an MAE of 0.324 mm; in Figure 8c,
for width w3 with an MAPE of 17.12% and an MAE of 0.628 mm; in Figure 8d, for width
w4 with an MAPE of 13.34% and an MAE of 0.5104 mm; in Figure 8e, for width ws with an
MAPE of 10.59% and an MAE of 0.4167 mm; in Figure 8f, for width ws with an MAPE of
11.79% and an MAE of 0.5190 mm. The ANN model has demonstrated an average MAPE
of ~11% and an MAE of ~7.33 mm for the prediction of weld bead width, indicating a low
level of precision.

Finally, the weld bead width prediction has provided high MAPE and MAE values,
showing the low forecasting accuracy of the ANN model.

For this reason, various machine learning model types (tree, efficient linear least
squares, SVM, etc.) have been analyzed and compared for predicting the geometrical
properties of the weld bead in order to select the suitable algorithm for the specific dataset.

The comparison aims to maximize the predictive accuracy using relevant metrics
(e.g., root mean square error (RMSE), mean squared error (MSE), mean absolute error
(MAE), ...), and computational efficiency based on training time, processing speed, and

https://doi.org/10.3390 /metrology6010018
109



Metrology 2026, 6, 18

memory usage (model size). Thus, mean squared error (MSE) is the average of the squared
differences between predicted and actual values, root mean squared error (RMSE) is the
square root of the MSE, and mean absolute error (MAE) is the average of the absolute
differences between predicted and actual values. In this case, the good trade-off between
predictive performance and computational efficiency is the cubic support vector machine
(SVM), as shown in Table 8. The cubic SVM has revealed a superior performance based on
metrics (i.e., MSE ~ 0.0002 mm) for the non-linear and intricate relationships in the weld
bead datasets, but at the disadvantage of prediction speed and training time.
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Figure 8. The response plots for the ANN prediction model show the predicted and observed
geometrical values of weld bead widths as a function of the sample number for (a) width w,
(b) width w», (c¢) width w3, (d) width wy, (e) width ws and (f) width wg.

Table 8. Comparison of some machine learning model types.

Training Results ls\/{;);l/[el %:;iel g;‘)i(cliilnt Linear
Least Squares

RMSE [mm] 0.0131 0.0816 0.137

MSE [mm] 0.0001715 0.067 0.019

MAE [mm)] 0.0118 0.064 0.0134

MAPE [%] 0.5 2.6 4.6

Prediction speed [obs/s] 4300 10,000 24,000

Training Time [s] 2.9744 4.8897 2.894

Model size (Compact) [kB] 8 5 11
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4.3. Support Vector Machine

The support vector machine (SVM) is considered a mathematical extension of the
neural network for the best performance. It is considered a powerful supervised machine
learning algorithm used for classification and regression, finding the optimal hyperplane
in multidimensional space to separate classes in the best possible way by maximizing the
distance between them. Given the training dataset:

D={(xt,y1), -, (G Yx), - nyn) b Xk € R, yp € R 4)

The general equation used by a trained nonlinear SVM to predict the class of a new
data point (x) is a linear combination of the kernel function applied to the support vectors:

N
f(x) = thiyik(xi, x)+b (5)
i=1

where N is the number of support vectors (data points closest to the decision boundary).«;
denotes the Lagrange multipliers, which are non-zero only for the support vectors. y;
denotes the labels of the support vectors (either +1 or —1).

K(x;,x) is the kernel function that calculates the similarity between a support vector
(x;) and the new data point (x). b is the bias or intercept term. The nonlinear mapping
function maps the input space to a so-called high-dimensional feature space where linear
regression is performed. The optimization problem of the SVM method solves the objective
function as follows:

f1 e
Z@ég{ZIIWII +Ci_21§z} ©)

where w represents the model weights and b defines a linear classifier, since ¢ is in R".
The first term aims to minimize the norm of the model weights (w). Minimizing ||w|| is
equivalent to maximizing the geometric margin between the decision boundary and the
nearest data points (support vectors). The second term aims to minimize the committed
errors, specifically the total magnitude of the slack variables (¢;). The constant C determines
the trade-off between minimizing this training error and maximizing the margin.

4.4. Cubic Support Vector Machine Results

The cubic support vector machine (SVM) is a type of non-linear SVM that uses a cubic
polynomial kernel function to compute the relationships between the observations in a
higher-dimensional space. The polynomial kernel function has the following equation:

3
K (x;,x7) = (x?x;)

where x; - x is the dot product (inner product) of the two vectors in the original feature
space, with an exponent coefficient equal to 3, which is the degree of the polynomial.
The cubic SVM is used for classification, specific complex tasks, and non-linear decision
boundaries, generally providing high accuracy on complex and non-linearly separable data.
The cubic SVM approximation model was useful for performing nonlinear regression with
many observations and for predicting the data. The same training dataset used for ANN
investigation has been considered in the cubic SVM method. The geometrical properties
measured using the caliper and the microscope, and the welding parameters, such as the
welding speed and the FANUC robot’s trajectory length, are defined as the input and
output data, respectively, with a total of 120 data points. The dataset involved in this
model has a number of observations with a sample size (120 observations) relative to the
number of predictors (8) and response classes (11), considered a minimum threshold to
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avoid extreme overfitting in linear or simple non-linear models. From this perspective,
the 8 predictors are reasonably supported by the total sample size. The technique used
for cross-validation is k-fold cross-validation to prevent overfitting and guarantee the
generalization of the model. The data are partitioned into five folds. The accuracy of
the prediction model based on cubic SVM is evaluated based on the following statistical
error tests, namely, mean absolute error (MAE) of 0.0118 mm and root mean squared
error (RMSE) of 0.0131 mm, as shown in Table 8, allowing us to consider the best model to
correctly predict all geometrical dimensions in the weld bead. Therefore, the SVM model for
the weld bead geometrical prediction requires kernel parameters to avoid overfitting and
maintain high accuracy. The kernel function was chosen as a polynomial with order 3 and a
scale of 0.8922. The high computational complexity of SVMs presents significant challenges
for real-time applications, making them slower than ANNs. SVMs can be sensitive to
noise in experimental data, which can negatively affect the precision of bead width and
height predictions. However, from the sensitivity analysis with a low sensitivity index
of ~0.0167, the SVM model remains robust in practical applications, indicating stability
in input parameter influence; in contrast, ANNSs display much higher sensitivity, ~0.99,
which may reflect lower stability [100]. All calculations were carried out using MATLAB
mathematical software (version R2025a) with the linear regression app. All geometrical
prediction results for weld beads are reported in response plots in Figures 9 and 10. The
response plots in Figures 9 and 10 display the predicted responses of weld bead height,
length, widths, and radii versus all recorded sample numbers, demonstrating a high level
of accuracy and low error. For robust model training, the dataset for the predictive model,
constituted by 120 observations, did not present critical issues that could increase the risk of
overfitting. Figure 9a shows the response plot for the cubic SVM prediction model for the
height of a weld bead with an MAPE of 0.821% and an MAE of 0.018 mm, and Figure 9b
shows the response plot for the cubic SVM prediction model for the length of a weld bead
with an MAE of 0.74 mm, MSE of 0.86 mm, and MAPE of 3.81%. Figure 9c shows the
response plot for the cubic SVM prediction model for weld toe radius (rs) with an MAPE of
0.82% and an MAE of 0.020 mm, and Figure 9d shows the response plot for the cubic SVM
prediction model for root radius (r.) with an MAPE of 0.47% and an MAE of 0.012 mm.
The calculation of the average MAPE (0.65%) and MAE (0.016 mm) for both radii s and 7,
represents the accuracy and precision of a measurement or prediction model for the radius
of a weld bead, indicating that, on average, the predicted radius deviates from the actual
value by only micrometers. A MAPE of 0.65% confirms that this error is extremely small
relative to the total size of the bead, signifying a highly reliable model.

In Figure 10a, the response plot for the cubic SVM model prediction for width w is
reported with an MAPE of 0.77% and an MAE of 0.039 mm; in Figure 10b, the response plot
is reported for width w, with an MAPE of 0.86% and an MAE of 0.034 mm; in Figure 10c,
the response plot is reported for width w3 with an MAPE of 1.74% and an MAE of 0.062 mm;
in Figure 10d, the response plot is reported for width wy with an MAPE of 1.33% and an
MAE of 0.050 mm; in Figure 10e, the response plot is reported for width ws with an MAPE
of 1.94% and an MAE of 0.079 mm; in Figure 10f, the response plot is reported for width ws
with an MAPE of 1.10% and an MAE of 0.048 mm. The calculated average values of MAPE
(1.29%) and MAE (0.052 mm) for all widths w; ... wg have confirmed the better model
performance and greater predictive accuracy, signifying that the average physical deviation
is negligible (only 52 um), likely falling within standard manufacturing tolerances.
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Figure 9. Response plot for cubic SVM prediction models: (a) the predicted and observed geometrical
values of height as a function of the sample number, (b) the predicted and observed geometrical
values of length as a function of the sample number, (c) the predicted and observed geometrical
values of weld toe radius (rs) as a function of the sample number, and (d) the predicted and observed
geometrical values of weld root radius (r,) as a function of the sample number.
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Figure 10. Response plot for cubic SVM prediction models: the predicted and observed geometrical
values of all weld bead widths (a) width wy, (b) width wy, (c) width w3, (d) width wy, (e) width ws
and (f) width wg as a function of the sample number.

The SVM approach can be considered a good approach to model the dependence of
the weld bead geometry on the welding speed and trajectory length. In fact, the SVM
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model gives better results for all geometrical parameters, and the dependence between the
input parameters (welding speed and trajectory length) and the geometrical parameters
is calculated. The predicted responses of the geometrical output parameters are plotted
against the actual welding speed and trajectory length, and the true responses are reported

in Figure 11.
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Figure 11. Response plot for cubic SVM prediction models: the predicted and observed geometrical
values of weld bead heights as a function of (a) welding speed and (b) trajectory length, weld bead
length as a function of (c) welding speed and (d) trajectory length, weld toe radius (rs) as a function of
(e) welding speed and (f) trajectory length, weld root radius (r.) as a function of (g) welding speed and
(h) trajectory length, weld bead width w; as a function of welding speed (i) and trajectory length (j).
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The response plot of the relationship between welding speed and weld bead height
(predicted and actual values) is shown in Figure 11a, and the relationship between tra-
jectory length and weld bead height is shown in Figure 11b, with error metrics of MAE
of 0.0164 mm, MSE of 0.0004 mm, and MAPE of 0.7651%, indicating low errors for both
plots. The decreasing trend of predicted and actual values is exhibited for both plots. The
response plot of the relationship between welding speed and weld bead length (predicted
and actual values) is shown in Figure 11¢, and the relationship between trajectory length
and weld bead length is shown in Figure 11d, with error metrics of MAE of 0.0017 mm,
MSE of 0.27 mm, and MAPE of 2.29%, indicating low errors for both plots, especially for
weld length as a function of trajectory length, which shows a linear dependence. The
response plot of the relationship between welding speed and the weld toe radius r; is
shown in Figure 11e and the relationship between trajectory length and the weld toe radius
7s is shown in Figure 11f, with error metrics of MAE of 0.018 mm, MSE of 0.0005 mm, and
MAPE of 0.77%. The response plot of the relationship between welding speed and the weld
bead root radius . is shown in Figure 11e, and the relationship between trajectory length
and the weld bead root radius 7, is shown in Figure 11f, with the following error metrics: an
MAE of 0.2396 mm, an MSE of 0.0052 mm, and an MAPE of 2.34%, which are higher than
those for the other geometrical parameters, but still acceptable. The response plot of the
relationship between welding speed and weld bead width w, is shown in Figure 11i, and
the relationship between trajectory length and weld bead width w; is shown in Figure 11j.
For simplicity, the dependence of weld bead width on trajectory length and welding speed
is shown only for width wq, with low error metrics of MAE of 0.04 mm, MSE of 0.002 mm,
and MAPE of 0.80%. The predictive model for weld width is highly accurate.

5. Conclusions

This study presents a brief overview of the AM process and describes a metal welding
process with the experimental setup and equipment for the realization of weld beads
using BOHLER SG2 solid wire. During the welding process, the key welding parameters
controlled and monitored by a FANUC robot, such as the robot’s trajectory length and
welding speed, were varied to ensure consistent and high-quality welds. However, the
designs of the visible weld bead lines deposited during the welding process exhibit an
irregular weld bead profile that impacts the mechanical properties and structural integrity
of a weld, increasing the likelihood of cracking and premature failure under stress and cyclic
loading. The shape and size of a weld bead are obviously determined by several factors,
including the welding process and specific operational parameters. So, it is important
to analyze and improve the weld bead geometry to minimize defects that could lead to
premature failure. In fact, the geometrical properties of a weld bead were measured using
both a caliper and a microscope for detailed measurements and morphology analysis.
Subsequently, mathematical models (like neural networks and SVM) are proposed to create
a dependence between the controllable welding input parameters and resulting geometrical
weld bead outputs (width, height, length, and radius) for prediction and optimization.
These models, using techniques such as support vector machines (SVMs) and artificial
neural networks (ANNSs), can be a good tool for controlling quality by understanding
these input—output relationships. The neural network model is capable of estimating the
geometrical properties of the weld bead based on measurements from the caliper and
microscope as a faster and general model with the best validation performance, MSE of
0.28546 mm, and highly non-linear relationships. However, the cubic SVM has revealed
better performance for geometrical prediction of weld beads with an MSE of 0.000175 mm
and efficiency for non-linear dataset mapping, with complex input-to-output relationships
in the weld bead application. The SVM model has given better results than the neural
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network for the prediction of all geometrical parameters and dependence on welding speed
and trajectory length. In fact, the accuracy of the SVM model is very high, as shown by
the difference between predicted and actual values of geometric weld bead characteristics,
using the metric error MAE. For example, MAE is ~0.017 mm for height, ~0.0017 mm for
length, ~0.04 mm for width, and ~0.01 mm for radius; these values are extremely small
relative to the total size of the bead, signifying a highly reliable model. For future research,
the models can be used to predict the geometry and characteristics of multiple layers in
a multi-pass weld for an automated and intelligent welding system in WAAM, and can
be implemented in welding machines to allow real-time monitoring of the process for the
optimization of process parameters in industrial applications. Therefore, other machine
learning models can be proposed to identify defects on the weld bead surface.
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Abstract

Dimensional verification of turbomachinery rotors requires traceable accuracy on func-
tional data and dense coverage of freeform blades. This study quantifies the expanded
measurement uncertainty (U95) for a centrifugal rotor inspected with a bridge-type CMM
(Nikon Altera 10.10.8) and a structured-light scanner (ATOS Compact Scan 5M Rev.1),
using repeated measurements in accordance with ISO 10360 and ISO 15530-3. The CMM
achieved U95 ~ 4-6 um on bores, whereas optical scanning yielded U95 ~ 12-18 um on
freeform blade regions. Cross-system results exhibited systematic offsets, indicating that
the two methods are not directly interchangeable in absolute terms. Nevertheless, they are
complementary: CMM ensures datum traceability, while optical scanning enables rapid
full-field blade assessment, supporting uncertainty-aware hybrid inspection.

Keywords: CMM,; structured-light scanning; measurement uncertainty; ISO 15530-3; ISO 10360;
turbomachinery inspection; centrifugal rotor; freeform surfaces; hybrid metrology

1. Introduction

Dimensional verification of complex components is a must in order to ensure product
quality, functional performance, and safety across sectors such as aerospace, energy, and
micromechanics. With increasing demands for miniaturization and tighter tolerances, the
ability to characterize both functional datums data and intricate freeform geometries has
become a central challenge in quality control. Among the available technologies, coordi-
nate measuring machines (CMMs) and optical 3D scanners represent two complementary
approaches [1,2]. However, for parts featuring both datum-based functional features (e.g.,
planes and bores) and complex freeform blade surfaces, experimental evidence under con-
trolled conditions remains limited with respect to expanded measurement uncertainty and
cross-system agreement. This gap complicates uncertainty-aware selection and deployment
of measurement systems in hybrid inspection workflows.

CMMs remain the benchmark for dimensional verification because they provide trace-
able, high-accuracy measurements of datums and functional features (e.g., planes, bores,
and other primitives) that are directly relevant to assembly and performance [3]. However,
for micro gas turbine rotors that combine datum-driven functional features with complex
freeform blade surfaces, controlled and uncertainty-quantified comparisons between tactile
CMM and structured-light inspection remain limited, which complicates the selection
and validation of hybrid inspection strategies in practice. In operational settings, the
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relatively low acquisition speed of CMMs and the typically sparse nature of tactile sam-
pling can reduce efficiency and representativeness when characterizing freeform surfaces
requiring dense spatial information [4]. Optical 3D scanners mitigate these constraints
by rapidly capturing dense surface point clouds and enabling full-field assessment of
freeform regions [5], but their metrological performance is more dependent on surface
properties (reflectivity and texture), ambient conditions, and calibration and alignment
strategies, which often leads to higher and less predictable uncertainty levels than tactile
probing [6,7]. For this reason, the reliable determination of measurement uncertainty be-
comes a cornerstone of quality control when deciding how to verify different feature types
and when reconciling datasets within hybrid workflows: for CMMs, uncertainty evaluation
is commonly addressed through design-of-experiments approaches [8], Monte Carlo-based
propagation and simulation frameworks [4], and ISO-compliant procedures [9], whereas for
optical systems, uncertainty-related developments include improved calibration models [7],
standardized performance assessment of portable scanners [8], and digital twin-enabled
error mapping to capture spatially varying deviations [10]. Despite these methodological
advances, like-for-like experimental evidence reporting expanded uncertainty and cross-
system agreement on representative turbomachinery rotors remains scarce, motivating
systematic evaluation under well-defined conditions.

Recent research has highlighted this complementarity. Altinisik and Bolova [11] com-
pared laser scanning and CMMs, concluding that non-contact methods improve efficiency
but require stricter calibration. Sato et al. [12] proposed robust experimental design meth-
ods to reduce CMM variability, while Chen et al. [13] demonstrated the advantages of
multi-sensor fusion in surface geometry inspection. Kortaberria et al. [14] reinforced the
importance of uncertainty-aware analysis for dense point clouds, aligning with ISO 15530-3
and ISO 15530-4 to ensure traceability. Collectively, these studies support hybrid inspection,
yet they also indicate that feature-level, uncertainty-quantified comparisons on real rotors
remain underrepresented, particularly when both datums (e.g., planes, bores) and freeform
blades must be assessed within the same verification workflow.

Standards and guidelines play a decisive role in these efforts. The ISO 10360 series
define acceptance and reverification tests for CMMs [15]. Beyond physical inspection,
emerging paradigms such as digital twins [16] and the Guide to the Expression of Un-
certainty in Measurement (GUM) [17] with its Monte Carlo supplement [18] establish an
international consensus on evaluating and propagating uncertainty. Furthermore, virtual
control strategies [19] aim to integrate predictive uncertainty with physical measurements,
moving towards predictive quality management. Nonetheless, Vrba et al. [20] emphasize
that estimating uncertainty for complex geometries remains practically challenging, with
probe configuration, scanning strategy, and sampling density exerting significant influence.

In practice, implementing uncertainty-aware inspection on real turbomachinery parts
remains challenging, particularly when datum verification and dense freeform assessment
must be combined within the same workflow. While standards and advanced models
provide robust frameworks, their application to real-world components (where tactile and
optical data must be reconciled) is still limited. Addressing this gap, the present study
experimentally evaluates the measurement uncertainty of a centrifugal micromotor rotor
using a bridge-type CMM and a structured-light scanner. Following ISO 10360 [15] and ISO
15530-3 guidelines, repeated measurements are used to quantify expanded uncertainties
and compare system performance across features. By clarifying the trade-offs between
accuracy, coverage, and efficiency, this study contributes practical evidence for hybrid
inspection strategies and supports uncertainty-aware sensor selection in turbomachinery
and micromotor manufacturing.
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2. Materials and Methods
2.1. Test Component: Centrifugal Rotor

The test object is a single-stage centrifugal rotor from a micro-turbojet assembly. The
rotor operates as the compact air-compression element, delivering an overall pressure ratio
~ 5:1 at rotational speeds up to 80,000 rpm. The engine is configured as an interchangeable
quick-change testbed, allowing rapid component swaps (including the rotor) so that the
same core can serve both as a propulsion unit and as an instrumented validation platform
for alternative designs and control strategies. Program activities encompass gas-dynamic
computations, new-part conception and design, start/command/control software devel-
opment and verification, and component evaluation with additive-manufacturing trials
at engine-assembly level, supported by structured instrumentation for operating parame-
ter acquisition and validation of Romanian Research and Development Institute for Gas
Turbines COMOTI (www.comoti.ro) redesigns. The target propulsion unit addresses com-
pact aviation (dry mass < 4 kg; thrust ~ 40 daN) while maintaining straightforward rotor
integration and enabling rapid, low-downtime iteration across design cycles (Figure 1).

Figure 1. Centrifugal rotor used in this study.

Prior to measurement, the component was stabilized in a controlled laboratory en-
vironment (temperature 20 £ 0.5 °C; relative humidity <50%). The rotor and fixturing
were conditioned on the granite for >2 h before any data acquisition to minimize thermal
gradients. Environmental conditions were recorded immediately before and after each
acquisition set using a calibrated laboratory thermometer-hygrometer, see Figure 2. In this
work, repeatability refers to variability obtained under identical conditions (same system,
program, operator, environment and fixturing), i.e., repeated acquisitions without inten-
tionally changing the measurement setup. Reproducibility refers to additional variability
introduced by controlled changes between runs (e.g., part removal and re-fixturing/re-
alignment and, where applicable, sensor/probe configuration changes), representative of a
realistic inspection workflow within the same laboratory.

All tactile measurements were performed using a Nikon Altera 10.10.8 bridge-type
CMM (LK Metrology Ltd., Derby, UK).. The machine provides a measuring volume of
1000 x 1000 x 800 mm and a manufacturer-specified MPEE (maximum permissible error
for length measurement) of (1.8 + L/350) um according to ISO 10360-2:2009, where L is
the measured length in mm [21]. The system was equipped with a Renishaw TP20 touch-
trigger probe mounted on a PH10M PLUS motorized probe head, using a & 2 mm ruby
stylus. Probe calibration was performed prior to measurement using a certified reference
sphere.
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Figure 2. Measurement station environment parameters: calibrated thermometer-hygrometer dis-
play.

2.2. Measurement System

The CMM was operated with Camio software (version 2025 1.3.38478), which enabled
parametric GD&T inspection and automated feature extraction. The machine underwent
full verification according to ISO 10360 [15] procedures before experimentation, ensuring
traceable accuracy. Geometric primitives (planes, axes, and cylinders) and datums were
defined following standard GD&T practices.

Optical measurements were acquired using an ATOS Compact Scan Rev.1 structured-
light scanner (GOM GmbH, Braunschweig, Germany). The scanner features a dual camera
stereo configuration with interchangeable lenses and scalable measuring areas ranging
from 45 x 35 mm? up to 1200 x 1000 mm?, depending on the selected setup [22]. According
to the manufacturer, the system achieves point accuracies of up to 0.01 mm, verified by
calibration standards. The scanner uses Blue Light Technology to minimize ambient-
light sensitivity and includes self-monitoring functions to compensate for environmental
variations [22].

The system was calibrated immediately prior to measurement using the certified GOM
calibration plate. Immediately after calibration, a verification procedure was performed,
confirming that the achieved dimensional deviations and point errors were within the
manufacturer-specified accuracy limits (<0.01 mm). This ensured that the structured-light
scanner operated under nominal conditions at the start of the experimental campaign.

Scans were performed using a motorized rotary table to ensure complete surface
coverage. Data acquisition and inspection were carried out in Zeiss Inspect (version
2025.3.1.6), which provided meshing, filtering, and GD&T evaluation of the resulting point
clouds. Alignment to the CMM coordinate system was performed using a common datum
scheme (primary plane A, cylindrical bore B, and secondary locating feature C).

2.3. Measurement Strategy

To ensure comparability between the two quality control systems, a common datum
scheme and feature set were defined on the centrifugal micromotor rotor (Figure 3). The
scheme was consistent with functional requirements and geometric dimensioning and
tolerancing (GD&T) principles:

e Datum A (Primary datum axis): Cylindrical bore (J ~ 14.5 mm) defining the
shaft interface.

e  Datum B (Primary plane): Rear mounting surface, providing the axial reference.

e  Datum C (Secondary locating surface): Orthogonal pin bores intersecting datum B,
constraining rotation.
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e  Freeform blades: Main and splitter impeller airfoils, subdivided into hub, mid-span,
and shroud sections, further separated into pressure and suction sides.

Figure 3. Technical drawing of the centrifugal micromotor rotor highlighting the functional datums
(A, B, C) and controlled geometric features selected for measurement.

Measurements were conducted on the Nikon Altera 10.10.8 CMM [21], programmed in
Camio software. For each feature, sampling strategies were optimized to balance accuracy
and acquisition time:

e Datum A (cylinder): 6 points per cross-section at five axial levels (30 total points),
ensuring coverage of diameter repeatability, cylindricity and perpendicularity with
respect to datum A.

e Datum B (plane): 12 equidistant points distributed radially across the mounting
surface.

e Datum C (Locking bores): Diameters of the two through-holes and their positional
relationship to datum B.

Each feature was measured in 10 repeated runs to capture both repeatability and
reproducibility contributions. Repeatability was estimated from repeated probing under
unchanged conditions (same program and fixturing), whereas reproducibility (within-
laboratory) was assessed across runs including part re-fixturing and datum re-establishment
between measurements. Two calibrated styli were employed depending on feature accessi-
bility, @1 mm X 20 mm and @5 mm x 21 mm ruby balls, each mounted with a Renishaw
SH25-3 extension. The use of two calibrated styli reflects typical accessibility-driven prob-
ing configurations and was treated as a potential contributor to between-run variability
when the stylus configuration had to be changed.
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Optical scans were acquired using the ATOS Compact Scan Rev.1 [22] in Zeiss Inspect
software. A high-density mesh was generated, with resolution set to 60 points/mm? (point
spacing =~ 0.08 mm at 300 mm field of view). The scanning strategy involved:

e  Full 360° coverage using a rotary table, with additional tilted scans to capture blade
shroud edges and undercuts.

e  Global alignment reconstructed via the datum scheme (A-B) from best-fit primitives
(locking bores C were used only for fixturing, not for uncertainty evaluation).

e  Analysis outputs:

- Datum A and B evaluation: Plane flatness, bore diameter, cylindricity, and per-
pendicularity extracted by primitive fitting.

- Blade evaluation: Global CAD-to-mesh comparison, with deviation flags across
hub, mid-span, and shroud.

- Blade tip diameters: Section planes at CAD-defined heights (main and splitter
blades).

Unlike CMM, scanner measurements were repeated 10 times with complete re-
orientation of the part and re-alignment to the datum scheme, thereby incorporating
setup-driven variability into the reproducibility estimate. Repeatability was derived from
repeated acquisitions under nominally identical scanner settings and calibration states,
while reproducibility reflected the additional scatter introduced by re-positioning/re-
alignment steps typical of shop-floor optical inspection (Table 1). This ensures direct
comparability between CMM and optical results while maintaining the dense-coverage
advantage of structured-light scanning.

Table 1. Measurement scope per system (CMM vs. optical scanner).

Feature/Characteristic CMM Optical Notes
Scanner
Datum B—Plane flatness v/ 4 Repeated n = 10 on CMM and scanner
Datum A—Bore diameter (J14.5) v v Two CMM strategies (?irclgs vs. lines); scanner via
best-fit primitive
Datum A—Cylindricity v v/ Both extracted from fitted bore geometry
Datum B L Datum A (perp.) v/ v/ Relation of bore axis to plane, measurable both ways
Datum C—Locking bore position 4 v/ Position of 2 auxiliary bores relative to datum A
Datum C—Bore diameter v v/ Direct measurement of small bore diameters
Blade profile deviation X v CAD-to-mesh comparison (main + splitter blades)
Blade tip diameters (hub/shroud) X v/ Section planes at specified heights from drawing
Global GD&T alignment (A-B-C) 4 v/ Common reference system applied for comparability

2.4. Uncertainty Evaluation Procedure

Uncertainty evaluation followed the GUM framework for Type A/Type B components
and their combination into an expanded uncertainty, with the experimental design aligned
to task-specific good practice from ISO 15530-3 (via recent, ISO-consistent literature) and
instrument verification under ISO 10360 [15] for the CMM. The steps and formulas below
reference GUM (JCGM 100) and its Monte Carlo supplement (JCGM 101) where applica-
ble [17,18], together with instrument specifications and acceptance testing practices [22]
and ISO-consistent task-specific guidance [14].

2.4.1. Measurand and Repeated Observations

Let the measurand Y be a scalar characteristic (e.g., diameter of the A datum bore,
plane flatness B, or profile deviation on a freeform patch). For each system and feature,
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n = 10 repeated observations { yj} were acquired under the protocol in Section 2.3 (with
re-fixturing).
The sample mean and sample standard deviation are:

y:

|-

n 1 n
;wf 5= ;(yf -9)° (1)
= -

n—1
]

The Type A standard uncertainty for repeatability is

S

Urep = ——
rep \/ﬁ

If a certified reference value vy, is available, the bias is b = y — y,s. For the bias-

()

corrected result yc = i — b, the associated uncertainty is

2
s
Uy = u%ef—'_ <\/ﬁ> (3)
2.4.2. Repeatability vs. Reproducibility Components

Because repetitions include re-fixturing, we separate within-setup and between-
setup effects using a random-effects ANOVA (two levels: setupi = 1, ..., 4, replication
j=1,...,m, with n = am). Denote:

Lo = s 1 1 (v 77)°
within = 5 (G — 1) Y= Yij —Yi-) W
m 4 9
Slzaetween = a—1 )y (yl —]/)

i=1

Then the repeatability standard deviation s, = sy, and the reproducibility (setup)
standard deviation is estimated as (non-negative):

Sy Sy
Urep = —=, Urepro =
P e

©)

S

2.4.3. Type B Components (Systematic)

Type B components are evaluated from specifications, certificates and environ-
mental bounds (GUM §4.3). We include at minimum instrument specification (CMM
MPEE /probing MPEp): If the instrument’s maximum permissible error bound is treated
as a rectangular distribution over [ —-MPE, + MPE], the standard uncertainty is:

MPE

UMPE = 3 (6)

e  For length-dependent forms (e.g.,, MPEE = A + B L), evaluate at the task length
L. Reference artifact/certification: Use the stated (expanded) uncertainty U, and
convert to standard uncertainty via the coverage kyef:tiyer = Uer/ kyef (GUM §6).

Environmental residuals (thermal): For a length L, residual temperature devia-
tion AT, and coefficient of thermal expansion «, with rectangular modeling of AT over

[*ATmax; +ATmax]3
_ |0(L| ATax

u
! V3

e Alignment/modeling (freeform fitting): If best-fit/alignment steps are used, include

@)

a model contribution ug; estimated from residuals on repeated registrations (or via
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leave-one-patch-out resampling); see task-specific ISO-aligned practice for dense point
clouds [14].

When applicable, other bounded effects (vibration, residual form filtering, and lens
calibration for the scanner) are analogously modeled with appropriate PDFs (rectangu-
lar/triangular /normal) per GUM §6 and JCGM 101 §6.

2.4.4. Combining Uncertainty

For uncorrelated input components u; with sensitivity coefficients c; (often ¢; = 1
when the measurand is directly measured), the combined standard uncertainty is as follows
(GUM §5):

Ue = \/”%ep + u%epro + u%\/IPE + u%ef + u% + ujzfit +o ®)

If correlations exist (e.g., common alignment influences multiple features), include
covariance terms:

2
uz =YY cicpuiugri )
Tk

2.4.5. Effective Degrees of Freedom and Coverage Factor

We compute the effective degrees of freedom using the Welch-Satterthwaite formula

(GUM Annex G):
u

Z' (Ci”i)4
1 Vi

where v; represents the degrees of freedom of each component (infinite for Type A unless

4
c

Veff = (10)

otherwise justified; n — 1 or ANOVA-derived for Type B). The expanded uncertainty for
approximately 95% coverage is

Ugs = kuc, k= t0‘975,'veff ~2 (Veff Z 30) (11)

2.4.6. Cross-System Comparison Metrics

For each feature, we report: (i) bias relative to a reference (if available) or cross-sensor
difference of means A = yscan — yCMM, with comparison uncertainty

UA =4/ u%,scan + uE,CMM (12)

and (ii) agreement via whether |A| < Ugs a. This directly supports uncertainty-aware
decisions on GD&T conformity and sensor selection (GUM §7; ISO-consistent practice for
task-specific evaluation [14]).

3. Results

The results are presented in two parts: (i) tactile acquisitions performed on the CMM
with repeated measurements to assess repeatability and reproducibility, and (ii) optical
scanning acquisitions, providing dense point-cloud deviations relative to the CAD model.
Both sets of results are structured according to the common datum scheme (A-B-C) and
controlled geometric features defined in the technical drawing (Figure 3). In the following,
agreement between systems is interpreted on a feature-by-feature basis, recognizing that
tactile probing and structured-light scanning may rely on different surface sampling and
fitting definitions; therefore, non-agreement for selected form-related characteristics does
not imply inadequate scanner performance overall, but rather limited interchangeability
for those measurands at the required tolerance level.

For CMM measurements, each feature was measured in 10 independent runs with full
re-alignment of the rotor, thus enabling the separation of repeatability (within setup) and
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reproducibility (between setups). The results are summarized in Table 2, while represen-
tative measurement screenshots and deviation maps from Camio software are provided
in Figures 4-7. This design allows the within-setup scatter (repeatability) to be distin-
guished from setup-induced variability (within-laboratory reproducibility) relevant to
production-like inspection workflows.

Table 2. Raw CMM measurement results for datums A-C (n = 10 repetitions).

Repetition B—r oAl1l jaA1? AIHYA OAc? jAc? Ac}¥B C10 C20 C11 c21
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]

1 00016 145062 00125  0.0080 145062 00129  0.0082

2 0.0016 145063 00123  0.0080 145059 00127  0.0085

3 00014 145062 00122 00081 145061 00126  0.0084

4 0.0016 145063 00124 00085 145063 00122  0.0081

5 0.0016 145065 00123  0.0083 145062 00125  0.0085

6 0.0016 145067 00124 00081 145063 00124  000s2 ~ >0054 29826 00261  0.0423

7 0.0015 145067 00122 0081 145064 00124  0.0083

8 00016 145065 00123 00033 145064 00124  0.0079

9 00016 145071 00123 00081 145067 00125  0.0083

10 0.0015 145066 00123  0.0081 145064 00125  0.0078

! Line measuring method. 2 Circle measuring method.

_. Above Tolerance
In Tolerance
Below Tolerance

Figure 4. Cylinder datum A evaluation on the CMM using circle-based fitting method.

For optical scanner measurements, the rotor was acquired under identical environ-
mental conditions. A high-density mesh (~60 points/mm?, spacing ~ 0.08 mm) was
generated for each acquisition. Unlike CMM, where feature probing can be repeated,
the scanner workflow relies on full-surface coverage and best-fit extraction of primitives
(planes, cylinders, and bores) and CAD-to-mesh deviation analysis for freeform geometries.
Accordingly, for primitive/form characteristics the scanner result depends not only on
acquisition but also on the data processing and feature extraction workflow (meshing,
filtering, patch selection, and fitting), which may yield feature-dependent biases relative
to discrete-point tactile probing. To enable direct comparability with tactile results, the
mesh was re-aligned to the same datum scheme (A-B—C) and the entire scan procedure was
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repeated 10 times with complete re-orientation of the part, so that repeatability descriptors
could be computed in analogy with CMM. In addition to primitives (data A, B), profile
deviations were obtained through global CAD-to-mesh comparison, with local deviation
flags placed across hub, mid-span, and shroud regions (Figures 8-11).

Above Tolerance
In Tolerance

Below Tolerance

Above Tolerance

In Tolerance

Below Tolerance

Figure 6. Flatness deviation map for datum B (mounting plane).
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CiR_C1

Above Tolerance
In Tolerance

Below Tolerance

Figure 7. Locking bores (datum C) evaluation showing positional deviation relative to datum B.

Figure 8. Raw optical scan of the centrifugal micromotor rotor prior to meshing and rendering.

Figure 9. Section-plane evaluation of main and splitter blade tip diameters at CAD-defined heights.
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= 0H k%

Figure 11. CAD-to-mesh deviation map of the splitter blade aerofoil.

3.1. CMM Measurement Results

The statistical analysis of the CMM acquisitions (Table 3) shows that datum B exhibits
excellent stability, with a mean flatness of 1.6 um and an expanded uncertainty below
0.05 um, well within functional tolerances for mounting. The bore diameter of datum A
(14.5 mm) also proved highly consistent across repetitions, with a standard deviation
below 0.3 pm and U95 ~ 0.18 pm, confirming the high repeatability of the tactile probing
strategy. Cylindricity and perpendicularity values, although stable, revealed slightly higher
scatter, with expanded uncertainties approaching 0.15 pum, reflecting the sensitivity of these
derived characteristics to alignment and probing path selection (line vs. circle method). For
the locking bores (datum C), positional deviations were small but reproducibility effects
were more pronounced, as expected due to their reduced diameter and deeper probing
path. Overall, the tactile system demonstrated repeatability and reproducibility compatible
with ISO 10360 [15] acceptance tests, ensuring that subsequent scanner comparisons can be
interpreted relative to a traceable tactile baseline with substantially lower uncertainty for
datum-related primitives.
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Table 3. Statistical summary of CMM measurements for datums A-B (mean, standard deviation, and

uncertainty evaluation).

Feature Mean Std. dev. Uyep Ugs
[mm] [mm] [mm] [mm]
B—r 0.00156 0.0000699206 0.000022111 0.000044222
OAl 14.50651 0.000280674 0.000088757 0.00017751
jAl 0.01232 0.0000918937 0.000029059 0.000058119
Al{B 0.01495 0.023258081 0.00735485 0.0147097
OAc 14.50629 0.000213177 0.000067412 0.00013482
jAc 0.01251 0.000191195 0.000060461 0.00012092
Ac{B 0.00822 0.000234758 0.000074237 0.00014847

3.2. Optical Scanner Results

The structured-light scanner provided dense point-cloud data, from which primitives

corresponding to datums A-B were extracted and compared to the CAD reference. It is

important to distinguish between freeform profile deviations, for which dense sampling

is advantageous, and high-precision form characteristics on datums (e.g., micro-flatness,

cylindricity in deep bores), for which visibility, surface response and fitting choices can

dominate the result. Table 4 lists the raw results for 10 repeated acquisitions under full re-

orientation of the rotor, while Table 5 summarizes the statistical descriptors (mean, standard

deviation, and expanded uncertainty). The flatness of datum B was consistently larger

than the CMM values, with a mean of ~48 pum reflecting the combined effect of surface

sampling, mesh noise, and the limited suitability of full-field acquisition for micro-flatness

evaluation at the few-micrometer level. The bore diameter (datum A) remained close to

the nominal 14.5 mm, with sub-0.1 um repeatability, although the cylindricity values were

notably higher (0.14 mm), consistent with the limited visibility of the deep bore in optical

acquisition. This behavior is feature-dependent: the diameter extracted from visible edge

regions can remain stable, whereas form descriptors (e.g., cylindricity) become strongly

sensitive to line-of-sight and partial data.

Table 4.
(n = 10 repetitions).

Raw optical scanner measurement results for datums A-C and blade features

. B—r  OA j A A(B 0778 “IA 07974  “IA Main - Splitter

Repetition Bladeh  Bladeh
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]

1 0.0482 14.5033 0.1701 0.0107 77.7904 0.0158 79.7147 0.0085 0.2515 0.3527
2 0.0484 14.5032 0.1821 0.0102 77.7886 0.1436 79.7152 0.0091 0.2241 0.2986
3 0.0482 14.5033 0.1706 0.0104 77.7906 0.0986 79.7233 0.0163 0.1997 0.3542
4 0.0481 14.5033 0.1614 0.0105 77.7763 0.0263 79.7621 0.0883 0.2299 0.2886
5 0.0483 14.5033 0.1423 0.0106 77.8093 0.1324 79.7126 0.0860 0.2118 0.2942
6 0.0482 14.5031 0.1213 0.0108 77.7863 0.0322 79.7113 0.0934 0.1955 0.2699
7 0.0482 14.5033 0.0089 0.0107 77.7899 0.0149 79.7217 0.1169 0.2862 0.3122
8 0.0481 14.5032 0.1703 0.0106 77.7864 0.0162 79.7229 0.0899 0.2883 0.3221
9 0.0483 14.5032 0.1642 0.0107 77.7944 0.0122 79.7318 0.0713 0.2314 0.3228
10 0.0481 14.5033 0.1422 0.0109 77.7882 0.0861 79.7139 0.0093 0.2298 0.3125

Perpendicularity between datum A and B showed good stability, with uncertainties

on the order of 0.1 um. In addition to datum features, the scanner enabled the evaluation

of functional blade geometries. Section-plane diameters at the main and splitter blade tips
(Figure 9) were extracted at CAD-defined heights, while CAD-to-mesh deviation maps
(Figures 10 and 11) revealed systematic trends across the pressure and suction sides of
the airfoils. These global profile deviations highlight the added value of optical scanning,
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which can capture freeform surface errors beyond the reach of tactile probing. In addition
to data A and B, locking bores (datum C) were also probed on both the CMM and the
scanner. However, due to limited line of sight inside the deep bores, structured-light
scanning did not yield sufficiently stable primitive fits. For this reason, the datum C results
are reported descriptively but excluded from the cross-system comparison, where only
reliably extractable features are considered.

Table 5. Statistical summary of optical scanner measurements (mean, standard deviation, and
uncertainty evaluation).

Feature Mean Std. dev. Uyep Ugs
[mm] [mm] [mm] [mm]
B—r 0.04821 0.0000994429 0.000031447 0.000062893
OA 14.50325 0.0000707107 0.000022361 0.000044721
jA 0.14334 0.050565627 0.01599026 0.03198051
A{B 0.01061 0.000202485 0.000064031 0.00012806

3.3. Cross-System Comparison

Cross-system comparison focuses on datums A and B, where both CMM and the
scanner provided consistent measurements. Locking bores (datum C), while measured, are
excluded from the statistical comparison because of scanner visibility constraints and their
primary role as fixturing aids rather than dimensional verification.

Table 6 summarizes the comparison between the CMM and optical scanner results
for the common features (datums A, B). The differences A were evaluated against the
combined expanded uncertainty Ugs, A where the scanner systematically overestimated
the flatness of datum B (+48 pm vs. 1.6 um on CMM). Since | A [>> Ugs, A, agreement is
rejected ( X). This indicates that, under the present mesh-based extraction settings, planar
micro-flatness is a challenging measurand for structured-light inspection at this tolerance
level, with mesh noise and filtering choices dominating the estimated flatness. A bias of
—3.3 um was observed on the diameter of datum A, beyond the uncertainty band, leading
to non-agreement (X). Non-agreement (X) is interpreted as a lack of interchangeability for
the specific measurand under the present acquisition/extraction settings, not as a general
limitation of structured-light scanning. This deviation likely originates from the partial
visibility of the bore and reliance on end-section fitting in the scanner. Large discrepancies
were found while evaluating the cylindricity of datum A (+131 pm), far exceeding the
uncertainty budget (X). This confirms that scanner primitives are insufficiently sensitive
for high-precision form errors compared to tactile probing. Agreement was obtained (V')
after perpendicularity evaluation A L B, with A = —4.3 pm within Ugs, A = 14.7um.
This shows that scanner-based axis-to-plane alignment is robust enough for orientation
control features.

Table 6. Cross-system comparison for common features (CMM vs. optical scanner).

CMM Scanner A (Scan- UseA
Feature Mean Mean CMM) % Agreement
[mm]
[mm] [mm] [mm]

B—r 0.00156 0.0482 +0.04665 0.00008 X
OA 14.50651 14.5033 —0.00326 0.00018 X
jA 0.01232 0.14334 +0.13102 0.0320 X
A{B 0.01495 0.01061 —0.00434 0.0147 v
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Overall, the CMM provides a traceable baseline for datum-related primitives, whereas
structured-light scanning adds high-value information for freeform blade assessment; the
observed non-agreement is primarily feature-dependent (measurand definition, visibility,
and data processing/feature extraction workflow), rather than an intrinsic shortcoming of
the optical system.

4. Discussion
4.1. Agreement and Discrepancies Between Systems

The comparative analysis demonstrated that the tactile CMM and the optical scanner
provide consistent results only for orientation-related features, while significant discrepan-
cies remain for form and flatness evaluation. Datum B (plane flatness) showed the most
pronounced divergence: the scanner overestimated flatness by approximately +46 pm
compared to the CMM value of 1.6 um. This result is consistent with prior findings that
structured-light scanning is limited in detecting sub-10 um planar deviations due to mesh
noise and fitting artifacts [3,11]. For datum A (cylindrical bore), the mean diameter bias
(—3.3 um) and especially the large deviation in cylindricity (+131 pm) exceeded the com-
bined expanded uncertainty. These discrepancies confirm that scanner-based primitive
extraction is insufficient for high-precision form control, in line with Fei et al. [7] and Givi
et al. [8], who reported systematic underperformance of non-contact systems in deep, line-
of-sight-limited bores. Conversely, perpendicularity between datum B and A was within
the acceptance band, showing that orientation features are less sensitive to the scanner’s
intrinsic resolution limits.

It should be noted that the CMM-based planarity evaluation relies on a functionally
distributed probing strategy rather than dense surface sampling. In accordance with
standard GD&T practice and ISO 10360-based methodologies, planarity was assessed using
a limited number of strategically positioned points to ensure traceability and robustness
of the form error evaluation. Increasing the probing density on the CMM was therefore
not expected to significantly improve the planarity result, as the measured deviation
is dominated by global form rather than localized surface features. In contrast, optical
scanning inherently produces dense point clouds; however, the resulting planar form
estimation remains constrained by point spacing, meshing residuals, and fitting algorithms,
which limit its capability for sub-10 um flatness evaluation.

4.2. Causes of Scanner Deviations

Two factors primarily account for the systematic deviations observed in scanner
results. First, line-of-sight constraints limited the bore acquisition to edge regions, such
that diameter and form descriptors were derived from partial sections rather than full
generatrices. Second, meshing and best-fit fitting propagate residual noise (~0.01-0.02 mm
per patch) into the extracted primitives, particularly for form-related characteristics [1,3,9].
Consistently across the 10 full re-orientations, dispersion was higher for form metrics
(cylindricity and flatness) than for size or orientation descriptors, supporting a feature-
dependent interpretation of cross-system non-agreement. This behavior is consistent with
the uncertainty-mapping work of Sepahi-Boroujeni and Khameneifar [9], who emphasize
the role of digital twin-based error fields in quantifying scanner repeatability.

4.3. Industrial Implications and Complementarity of Systems

From an industrial perspective, the two systems play complementary roles. The
CMM establishes traceable, high-precision data, indispensable for tolerances in the order
of micrometers (e.g., bore cylindricity or rotor mounting flatness). This aligns with Kruth
etal. [4], Feng et al. [6], and Sato et al. [12], who demonstrate that CMM-based experimental
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designs remain the benchmark for Type B and Type A uncertainty evaluation under ISO
10360 [15]. In contrast, the optical scanner provides added value for freeform surfaces,
such as the impeller blades, where dense CAD-to-mesh deviation maps enable rapid
identification of systematic airfoil deviations that tactile probing cannot access [5,13,14].
This duality reflects the current trend toward integrated metrology [5], where tactile and
optical systems are combined to exploit their respective strengths—high-precision data and
global freeform coverage.

4.4. Relation to Existing Literature

Our results reinforce and extend previous comparative studies. Altinisik and
Bolova [11] observed similar scanner biases when measuring standard test parts against
a CMM reference, while Bilusi¢ and Olivari [3] highlighted the role of task-specific un-
certainty factors in optical 3D metrology. The present study contributes by explicitly
quantifying scanner repeatability under repeated reorientation—a protocol rarely applied
in industrial practice, where single-pass scanning is the norm [1,3]. The observation
that bore-related deviations are dominated by visibility constraints is consistent with the
accessibility-driven uncertainty patterns reported by Vrba et al. [20] for complex surfaces.
Moreover, the systematic overestimation of flatness echoes the mesh residual effects de-
scribed in Kruth et al. [4] and Kortaberria et al. [14], who emphasize that ISO 15530-3
approaches must be adapted when transferring uncertainty models from tactile to optical
data.

4.5. Limitations and Future Work

Two limitations of the present study deserve mention. First, locking bores (datum C)
were measured with both systems but were excluded from the cross-system comparison
due to restricted scanner visibility; this follows the practice of excluding features where
geometry or access prevents reliable evaluation [7,8]. Second, while 10 repetitions enabled
Type A evaluation for both systems, Type B contributors for the scanner (e.g., vibration,
photogrammetric alignment stability, lens calibration) were not separately isolated; future
work could address these via Monte Carlo propagation [4,16,18,19]. A promising avenue is
the integration of digital twin-based error modeling [9,16,19] and hybrid CMM-scanner
workflows [5,13], which could reduce biases in form-related features and support more
robust uncertainty budgets. Future publications will extend the present work by including
additional measurement techniques, enabling a broader multi-sensor comparison and a
deeper investigation of uncertainty propagation in hybrid inspection workflows.

4.6. Overall Contribution

The study demonstrates that while structured-light scanners cannot yet replace tac-
tile probing for micro-tolerance features, they provide unique capabilities for freeform
geometry evaluation. By aligning both systems to a common datum scheme and repeating
acquisitions under controlled conditions, this work contributes a traceable, uncertainty-
aware framework for CMM-scanner comparison, consistent with ISO 15530 task-specific
practice [14]. These findings are directly relevant to industries where rotors, blades, or other
turbomachinery parts require both micrometric control of data and global airfoil inspection.

5. Conclusions

This work provides an uncertainty-driven comparison between CMM probing and
structured-light scanning for a centrifugal rotor in micro gas turbine applications under
a unified GD&T datum scheme. CMM probing delivered a traceable performance with
sub-micrometer repeatability /reproducibility and expanded uncertainties (U95) below
0.2 um for key size features, confirming its role as the reference method for functional

136 https://doi.org/10.3390/metrology6010012



Metrology 2026, 6, 12

datum verification. Structured-light scanning provided consistent full-field geometry and
enabled dense assessment of freeform blade surfaces; however, cross-system agreement was
feature-dependent, with systematic offsets observed for selected form-related characteristics
where A exceeded the combined uncertainty band. Accordingly, optical results should be
interpreted as non-interchangeable with tactile probing for these measurands under the
present acquisition and feature-extraction workflow, rather than as a general limitation
of the technology. Overall, the findings support hybrid inspection, combining tactile
datum traceability with optical freeform mapping to balance accuracy, coverage, and
throughput. Future work will target task-specific ISO-consistent uncertainty budgets and
error-compensation/sensor-fusion strategies to reduce feature-dependent offsets.
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Abstract

To achieve low-cost and flexible wheel angles measurement, we propose a novel strat-
egy that integrates wheel segmentation network with 3D vision. In this framework, a
semantic segmentation network is first employed to extract the wheel rim, followed by
angle estimation through ICP-based point cloud registration. Since wheel rim extraction is
closely tied to angle computation accuracy, we introduce APCS-SwinUnet, a segmentation
network built on the SwinUnet architecture and enhanced with ASPP, CBAM, and a hybrid
loss function. Compared with traditional image processing methods in wheel alignment,
APCS-SwinUnet delivers more accurate and refined segmentation, especially at wheel
boundaries. Moreover, it demonstrates strong adaptability across diverse tire types and
lighting conditions. Based on the segmented mask, the wheel rim point cloud is extracted,
and an iterative closest point algorithm is then employed to register the target point cloud
with a reference one. Taking the zero-angle condition as the reference, the rotation and
translation matrices are obtained through point cloud registration. These matrices are
subsequently converted into toe and camber angles via matrix-to-angle transformation.
Experimental results verify that the proposed solution enables accurate angle measurement
in a cost-effective, simple, and flexible manner. Furthermore, repeated experiments further
validate its robustness and stability.

Keywords: wheel alignment; angle measurement; semantic segmentation; point cloud
registration; vision measurement

1. Introduction

Wheel alignment is a routine yet essential maintenance procedure that ensures the
wheels are properly angled relative to the vehicle’s frame and the road surface [1]. Man-
ufacturers set the wheel alignment within a specified range before the vehicle leaves the
factory [2]. However, factors such as suspension wear, heavy loads, poor road conditions,
collisions, or chassis damage can cause wheel misalignment, which refers to a deviation
from the manufacturer’s specifications [3]. Wheel misalignment may involve numerous
issues, including uneven tire wear, wheel shimmy, suspension damage, poor handing, in-
creased fuel consumption, and safety risk. Therefore, regular wheel alignment inspections
and adjustments are crucial. During maintenance, three primary angles, namely camber,
caster and toe angles, are usually measured and adjusted. Toe and camber angles of the
vehicle wheels are the two alignment parameters most commonly inspected and adjusted
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during routine maintenance and post-repair operations, and they are also the primary focus
of most existing research on vision-based wheel alignment. Therefore, at the current stage,
this work primarily focuses on the estimation of toe and camber angles.

1.1. Challenges of 3D Vision-Based Methods

Compared to methods based on inertial measurement unit and 2D vision, the 3D
vision-based measurement methods offer advantages such as low cost, high precision, and
greater flexibility in application. However, 3D vision-based wheel alignment still faces
several challenges, which are summarized below.

(1) Complicated calibration and limited flexibility: Most passive and active 3D measure-
ment systems require a complex and rigorous calibration procedure to reconstruct
the wheel shape. Once calibrated, cameras and light sources need to remain fixed,
which limits its flexibility and application range. Moreover, the reflective surface
of the wheel hub leads to low texture and feature information, which affects stereo
matching accuracy and ultimately reduces the accuracy of 3D reconstruction.

(2) Additional target board and potential damage: Commercial scanner-based methods
often require mounting a clamped target board with a special reflective film onto
the wheel. This process is time-consuming, may cause secondary damage to the
wheel, and incurs additional costs due to the consumable film, thereby reducing
overall efficiency.

(3) Inefficient and noise-sensitive full-cloud registration: Directly using the entire 3D
point cloud acquired by the sensor to estimate wheel angles not only increases com-
putational cost and reduces measurement efficiency, but also introduces interference
from background, noise, and points from the vehicle body during point-cloud registra-
tion. These irrelevant points can significantly degrade registration accuracy. Therefore,
it is more effective to perform 3D registration and angle estimation using only a stable,
wheel-related subset of the point cloud.

(4) Challenges in precise wheel segmentation: The reconstructed point cloud includes
not only the wheel but also background elements, making accurate region-of-interest
(ROI) extraction essential. Existing methods often rely on traditional image processing
algorithms (e.g., Canny edge detection and Hough transforms), which are sensitive to
background clutter and environmental changes. These methods often require manual
parameter tuning and lack the precision needed for accurate wheel boundary and
detail extraction.

1.2. Outline of Our Work

To address the challenges outlined above, this paper presents a low-cost and practical
wheel alignment method that integrates semantic segmentation with point cloud registra-
tion. The proposed approach overcomes the limitations of using 2D or 3D single-modality
data alone and fully leverages the rich texture information in 2D images together with
the depth and pose information encoded in 3D point clouds, thereby improving both the
efficiency and the accuracy of wheel angle measurement. The primary application context
of this work is post-production wheel alignment in small and medium-sized garages and
workshops, where vehicles are serviced after leaving the factory. The main contributions
are summarized as follows.

(1) As arelatively stable region of the wheel, the wheel rim provides reliable geomet-
ric cues, so using only the rim point cloud to estimate wheel angles helps improve
both measurement efficiency and angle accuracy. Building on this idea, the pro-
posed method reformulates the wheel alignment task as a pipeline of wheel rim
mask extraction, corresponding point cloud registration, and wheel angle calculation.
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Compared with existing approaches, it offers greater flexibility, lower cost, and higher
efficiency, as it removes the need for complex calibration procedures, target boards,
and additional auxiliary equipment or materials.

(2)  Wheel rim extraction is critical for accurate angle estimation. To enhance the precision
of wheel rim segmentation, we propose APCS-SwinUnet, a task-driven adaptation
of Swin-Unet for wheel rim extraction. Atrous spatial pyramid pooling is embedded
into the encoder to capture multi-scale contextual information for wheel rims of
different sizes and viewpoints, while a channel-spatial attention mechanism in the
decoder selectively enhances rim features and suppress background clutter. This
design jointly improves the representation of global wheel contours and fine-grained
rim structures, both essential for reliable angle estimation. Compared with traditional
image processing pipelines and baseline deep networks, APCS-SwinUnet achieves
higher accuracy and robustness in wheel rim segmentation.

(3) The segmented mask is used to isolate the wheel rim point cloud, effectively filtering
out irrelevant background data. The iterative closest point algorithm is then em-
ployed to register the initial and target wheel rim point clouds. After registration, the
corresponding rotation and translation matrices are obtained, and the rotation matrix
is subsequently used to compute the wheel’s toe and camber ang]les.

The rest of this paper is organized as follows. Section 2 reviews related work on wheel
alignment. Section 3 presents the overview framework of this paper. Section 4 details the
motivation for segmentation and the proposed network structure. Section 5 explains the
principle of wheel angles calculated using the iterative closest point method. Section 6
describes the experimental setup and configuration. In Section 7, the segmentation and
angle measurement results are presented. Section 8 summarizes the paper and discusses
future development.

2. Related Work

In this section, we review related work from two complementary perspectives. First,
we summarize existing wheel alignment techniques in terms of sensing and measurement
strategies. Most conventional approaches can be broadly grouped into inertial-based
methods and vision-based inspection methods, where the latter can be further divided
into 2D and 3D vision-based measurement schemes. Second, since the proposed method
formulates wheel alignment as a thin structure segmentation problem, we also review
recent deep learning-based thin structure segmentation methods.

2.1. Wheel Alignment Sensing and Measurement Methods
2.1.1. Inertial-Based Wheel Alignment Methods

Inertial-based wheel alignment methods typically involve contact measurement. Spe-
cific sensors such as inertial measurement units (IMUs), accelerometers, gyroscopes, and
angle sensors are mounted on the wheel or vehicle to collect acceleration and angular veloc-
ity data [4]. This data is preprocessed to reduce noise, correct sensors bias, and compensate
for drift. Afterward, the data is transmitted to a processor (e.g., mobile phone, computer,
or embedded device) via Bluetooth, WiFi, or RS232 for further analysis and computation of
wheel alignment angles.

Numerous studies have explored the inertial-based methods. Young et al. [4] em-
ployed a microcontroller and triaxial accelerometer to measure the camber angle, intro-
ducing a calibration technique to correct axis misalignment between the sensor and the
measurement system. Chatur et al. [5] proposed a wireless alignment method using ac-
celerometers. D’Mello et al. [6] developed an internet of things (IoT) device consisting of
a 6-axis microelectromechanical system (MEMS) sensor (MPU6050), an ESP32 microcon-
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troller, and battery to measure toe and camber angles. Similarly, Bohari et al. [7] designed a
Bluetooth-enabled alignment system using the MPU6050 sensor. Lee et al. [8] presented
an online toe angle measurement approach based on lateral tire force, which was vali-
dated through simulations in CarSim and Simulink. To reduce energy consumption, Tang
et al. [9] introduced a dual wake-up and self-calibration strategy for long-term monitoring.
Inertia-based offer methods offer advantages such as high sampling frequency, low latency,
low power consumption, and resistance to environmental conditions. However, they face
several challenges. Physical contact is often required, risking damage to the wheel hub.
Furthermore, sensor drift may cause cumulative errors, and measurement accuracy is
affected by electromagnetic interference, temperature, and sensor location.

2.1.2. Vision-Based Wheel Alignment Methods

Compared with inertial-based methods, vision-based wheel alignment methods offer
the advantages of convenience, highly automation, and efficiency. Typically, vision-based
measurement techniques are divided into 2D and 3D vision measurement methods.

2D Vision-Based Measurement Methods

A 2D vision inspection platform usually consists of target boards, infrared light
emitting diodes (IR LEDs), image acquisition modules such as charged coupled device
(CCD) or video cameras, and a computer [10]. Each target board, made of reflective
material and featuring special patterns (e.g., chessboard or concentric circles), is mounted
on the wheel rim using a four-legged clamp to represent the wheel attitude. During the
measurement, IR LEDs illuminate the target boards, which are then captured by the CCDs.
The technician turns the steering wheel in different directions and moves the vehicle back
and forth to determine the axes of rotation and roll for each wheel. Finally, the wheel
angles are calculated by analyzing the captured images based on projective geometry.
Numerous 2D vision-based methods have been proposed. For instance, Xu et al. [11]
proposed a toe and camber angles measurement method using a relevance vector machine
and spatial clustering to classify the concentric circles on the target board. Xu et al. [12]
proposed a global registration system combining multiple sensors with articulated arms
and target boards, although this system is costly and complex. Ge et al. [13] introduced a
multi-camera calibration technique using a transparent target board and image correlation.
Jiang et al. [14] designed a calibration method for large cabin assembly with an improved
homography matrix and combined large targets. Roshan et al. [15] developed a checkboard
with augmented markers made of high-emissivity material and aluminum to expand its
applicability. Xu et al. [16] proposed a kinpin inclination and caster measurement method
using a 1D target with concentric circles.

Two-dimensional vision-based approaches are known for their high accuracy and
efficiency, making them widely adopted in vehicle maintenance. However, they also have
the following limitations. A complete 2D vision wheel alignment system is expensive,
and installing clamps and the target boards is time-consuming and cumbersome, reducing
measurement efficiency and increasing costs. Moreover, direct contact between the clamps
and the wheels may cause potential.

3D Vision-Based Measurement Methods

Three-dimensional vision-based measurement methods are generally categorized into
passive and active 3D vision methods. Passive vision does not project any light source
onto the wheel but relies on two or more cameras to recover depth maps or point clouds
using triangulation between the camera centers and the wheel. In contrast, active 3D
vision involves projecting a structured light source, such as point, line or surface, onto the
wheel to reconstruct the object’s point cloud. Padegaonakar et al. [17] proposed a binocular
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passive vision method to measure wheel angles. Canny edge detection was applied to
extract circular contours of the wheel, from which the outermost contour was selected
as the region of interest (ROI). Wheel angles were then calculated using the depth map
and trigonometry principles. While this method can reconstruct wheel point cloud, it
has the following limitations. Passive stereo vision requires stereo rectification and stereo
matching. Stereo rectification, based on intrinsic and extrinsic camera parameters, aligns
corresponding points onto a common horizontal line. Stereo matching is then performed
by exploiting surface textures and feature information. However, wheel hubs are highly
reflective and often exhibit homogeneous textures, resulting in limited distinguishable
features. This leads to low stereo matching accuracy, which in turn degrades the overall
precision of 3D reconstruction. To address these issues, Xu et al. [2] proposed a method
using a line laser and 1D target for large-scale onsite measurement. Furferi et al. [18]
attached non-structured markers to the tire sidewall, combing image processing and stereo
triangulation to associate 3D marker positions with the wheel plane. Senjalia et al. [19]
developed a system using laser triangulation and camera calibration, where wheel regions
were identified using OpenCV’s blob detection. However, this approach requires frequent
threshold adjustment due to varying wheel shape, which reduces flexibility and efficiency.
Furthermore, lighting conditions, reflections, and surface contamination can significantly
affect accuracy. Kim et al. [20] employed two orthogonally mounted laser modules on the
wheel knuckle to measure toe and camber angles. Baek et al. [21] developed a surface light-
based depth-sensing system that acquires the wheel’s point cloud for geometric and posture
analysis. Like 2D vision methods, this method requires a target board to be fixed on the wheel.
Although no pattern is used, the board is used to represent the attitude of the wheel. To
facilitate the ROI extraction, a thin (0.075 mm) adhesive film was applied. Wheel condition
was assessed by comparing the current point cloud with a reference plane. While this method
enables fast and stable point cloud acquisition, it still requires mounting a target board with a
fixed relative position to the wheel. If the relative position changes, an error will be introduced.
Moreover, additional matte adhesive film increases costs and reduce efficiency.

2.2. Deep Learning-Based Thin Structure Segmentation Methods

Current research on deep learning-based thin structure segmentation is still relatively
limited, and most existing methods are built on convolutional neural networks (CNN) or
Transformer-based architectures. Wang et al. [22] proposed a dual-path pavement crack seg-
mentation network that combines a lightweight CNN encoder with a Transformer encoder
incorporating attention and an efficient feedforward design to fuse local and global features
for crack delineation. Gao et al. [23] proposed a multi-scale global attention network that
integrates a densely connected attention U-Net backbone with a global context attention
module for hierarchical context aggregation and top-down guidance, achieving consistently
competitive retinal vessel segmentation and noticeably improved thin-vessel delineation.
Geetha et al. [24] proposed an image-processing-assisted 1D frequency-domain CNN
framework that extracts crack candidate regions via adaptive local binarization and then
iteratively tracks missing single-pixel-wide propagating cracks. Siriborvornratanakul [25]
evaluated Segment Anything Model (SAM) as a zero-shot solution for thin crack segmen-
tation and reported that, although the SAM-Canny pipeline can delineate crack patterns
reasonably well on multiple benchmark datasets, its numerical scores remain inferior
to task-specific deep learning architectures, e.g., modified U-Net, when assessed under
stringent 1-pixel crack annotation criteria. Li et al. [26] developed a dual-path progressive
fusion network for retinal vessel segmentation, where a CNN branch is responsible for
capturing fine local vessel details and a recurrent convolutional branch models richer
contextual information. In addition, they introduced a progressive fusion mechanism
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composed of interactive fusion, cross-layer fusion, and scale feature fusion modules to
integrate multi-scale features and mitigate the semantic gap between encoder and decoder.

Although these studies have advanced thin structure segmentation for targets such
as vessels and pavement cracks, they do not fully address the wheel rim segmentation
problem in our wheel alignment pipeline. The wheel rim in this work is not only a thin
structure but also exhibits inner and outer boundaries with approximate symmetry, which
differs significantly from tree-like or irregular thin patterns, and there is very limited work
specifically targeting wheel-like thin structures. Moreover, rim segmentation here is only
an intermediate step: our core objective is to estimate wheel angles from the segmented rim
point cloud, so background and tire points can affect the robustness of subsequent point
cloud matching, making accurate boundary segmentation particularly critical. In addition,
practical wheel alignment requires a favorable trade-off between segmentation accuracy
and efficiency, whereas many existing thin structure models are too computationally
demanding for such scenarios.

In summary, inertial-based methods require physical sensor installation, which may
damage the wheel and are sensitive to environmental factors such as electromagnetic
interference and temperature. Although vision-based methods improve measurement
efficiency, most of them still rely on target boards to estimate the wheel angle. To address
these limitations from a technical perspective, this paper proposes a low-cost, non-contact,
and practically feasible wheel alignment approach that integrates 3D vision and semantic
segmentation techniques. Furthermore, to better handle the wheel rim, which is a thin,
wheel-like structure with both inner and outer boundaries and approximate symmetry, we
develop an APCS-SwinUNet architecture tailored for accurate rim segmentation.

3. Framework of Proposed Solution

The overall framework of the proposed method is shown in Figure 1. In the first stage,
a wheel rim segmentation network based on APCS-SwinUnet is used to extract the wheel
rim region from the RGB image. To achieve accurate and fine-grained segmentation, the
network incorporates an ASPP module, an attention fusion module, and a hybrid Dice—
Focal loss. The resulting segmentation mask is then mapped to the point cloud to obtain
the wheel rim point cloud. In the second stage, the initial and target wheel rim point clouds
are registered using the ICP algorithm, yielding the rotation and translation matrices that
describe the wheel pose. The toe and camber angles are subsequently derived from the rota-
tion matrix and converted to degrees, providing the final wheel angle measurements. Thus,
the segmentation network and the point cloud registration are the two core components of
the framework, bridging image-level processing and 3D geometric estimation.
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={1‘-\nﬁmion fusion ][ Hybrid loss }

L)
Wheel rim segmentation network
based on APCS-SwinUnet
Extract wheel rim region

4

Point cloud extraction of wheel rim

v

Point cloud registration
based on iterative closet point

Calculation of toe and camber
angles
Calculate wheel angles

Figure 1. Overall framework of the proposed solution.
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4. Wheel Rim Segmentation Based on APCS-SwinUnet

This section presents the network architecture for wheel rim segmentation. We first
introduce the motivation and objective of employing a segmentation network for wheel
rim extraction. Next, we outline the overall structure of the proposed APCS-SwinUnet,
followed by a detailed description of the key components, including atrous spatial pyramid
pooling, convolutional block attention module, and hybrid loss function.

4.1. Motivation for Using Segmentation Network

As mentioned in the introduction, most existing wheel alignment methods require
mounting a target board on the wheel and involve complex calibration procedures. Al-
though some emerging approaches offer simplified setups, they still rely on target boards
or matte adhesive films, which reduce measurement efficiency and increase system cost.
To address these limitations, we propose a target-free alignment method by leveraging
the point cloud of the wheel rim, eliminating the need for additional auxiliary materials.
Traditionally, the target board is used to capture changes in the wheel’s attitude and angle
due to the non-planar surface of the wheel hub. However, a closer examination reveals that
the area between the wheel and the tire contains a circular smooth surface, which naturally
spans a range of angles and can effectively reflect the wheel’s attitude changes, thereby
making it a viable alternative for alignment purposes. The 3D scanner can capture the
RGB image and point cloud of the entire scene, whereas our task focuses specifically on
extracting the wheel rim’s point cloud.

Wheel rim extraction is critical for accurate angle estimation. As shown in Figure 2,
the wheel rim is a narrow annular structure that occupies only a small portion of the wheel,
making its extraction particularly challenging for the following reasons: (1) The wheel rim
has both inner and outer boundaries, and its thin, curved geometry complicates accurate
localization. (2) Although there is a noticeable reflectance difference between the wheel rim
and the tire, the wheel rim and hub often share similar reflectivity, leading to weak grayscale
contrast and ambiguous edges. (3) Since the point cloud of the wheel rim is used to estimate
the overall wheel posture, background and tire regions need to be excluded, requiring
precise segmentation of the rim contours. Traditional image processing methods can, in
principle, perform this task, but they typically involve multiple steps and require manual
tuning for different wheel types, resulting in limited flexibility and poor generalization.
Deep learning-based segmentation offers a more robust and adaptive alternative.

Figure 2. Schematic illustration of the wheel rim.

Prior studies on thin or narrow structures (such as vessels, roads, or cracks) often
leverage multi-scale context and attention mechanisms to improve boundary delineation,
and are predominantly implemented within U-Net-like or transformer-based encoder—
decoder architectures. However, these methods are generally designed for tree-like or
line-like topologies, rather than for closed, narrow annular rims with dual inner-outer
boundaries and weak contrast between the rim and the hub, and they are not specifically
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optimized for downstream wheel alignment tasks. As a result, existing architectures
still struggle to accurately delineate the thin boundary regions of the wheel rim and
to provide sufficiently stable contours for subsequent 3D point cloud registration and
angle estimation. To address these issues, we design APCS-SwinUnet as a task-specific
adaptation of established segmentation modules, tailored to the geometric and photometric
characteristics of the wheel rim and its role in wheel alignment measurement.

4.2. Network Architecture of APCS-SwinUnet

The architecture of APCS-SwinUnet is illustrated in Figure 3. It is built upon the
Swin Transformer and U-Net frameworks and achieves high segmentation accuracy while
maintaining efficiency. First, an atrous spatial pyramid pooling (ASPP) module is added
after the third encoder layer to capture multi-scale features relevant to wheel rims. Second,
a convolutional block attention module (CBAM) is integrated into the third decoder layer to
strengthen the network’s focus on the rim contour and suppress background clutter. Finally,
a hybrid loss function combining Dice and Focal losses is employed to better handle class
imbalance and stabilize training. In this way, APCS-SwinUnet is not a completely novel
architecture, but a carefully engineered combination and adaptation of known modules
tailored to the challenges of wheel rim segmentation.
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Figure 3. The network architecture of APCS-SwinUnet.

These design choices are particularly effective for wheel rim segmentation for several
reasons. The ASPP module provides annulus-aware multi-scale context, enabling the net-
work to capture both the thin rim band and the full circular structure, which helps maintain
a closed, consistent rim contour while suppressing spurious responses from the tire and
background. CBAM is especially beneficial under weak rim-hub contrast: by refining
channel and spatial attention at decoder stages where rim and hub features are mixed, it
enhances subtle structural cues along the rim boundary and reduces confusion between
these two regions. The Swin-Transformer backbone contributes by modeling long-range de-
pendencies along the rim circumference and across the whole wheel, which promotes global

146 https://doi.org/10.3390/metrology6010004



Metrology 2026, 6, 4

shape consistency while preserving local boundary details that are crucial for producing
stable contours for subsequent 3D point cloud registration and angle estimation.

4.2.1. Atrous Spatial Pyramid Pooling

The segmentation task in this study aims to accurately localize the global contour of
the wheel rim while capturing fine-grained boundary details. To enhance segmentation
performance, we incorporate the ASPP module, as illustrated in Figure 4. ASPP strengthens
the network’s ability to capture multi-scale contextual information by combing atrous
convolution with image-level features at varying sampling rates. The ASPP structure [27]
consists of multiple convolution layers, atrous convolution layers with different dilation
rates, pooling layers, ReLU activations, and an upsampling layer. Its core component is
a set of parallel atrous convolutions, which enable the network to extract features across
multiple receptive fields without increasing the size or computational cost. Specifically,
we employ three parallel atrous convolutions with dilation rates of 4, 6 and 8. Since the
proposed segmentation network is based on a Transformer architecture, the input sequence
needs to be converted into a 2D convolutional format before entering the ASPP. After
processing, the ASPP output is then reshaped back into sequence form for subsequent
Transformer-based operations.
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Figure 4. The network architecture of ASPP.

4.2.2. Attention Fusion Module

To enhance the network’s ability to recognize wheel contour, we add a convolutional
block attention module after the last Swin-transformer block of the decoder. The structure
of the CBAM is shown in Figure 5. The CBAM [28] consists of a channel attention module
and a spatial attention module. The channel attention focuses on identifying what features
are important, and comprises an average pooling layer, a max pooling layer, a multilayer
perceptron (MLP), and a Sigmoid activation. This process is formulated in Equation (1).
In contrast, the spatial attention module emphasizes where the important features are
located. It includes average and max pooling operations followed by a convolution layer,
as described in Equation (2). The final feature map is obtained by sequentially applying
both attention mechanisms, as shown in Equation (3).

F = U{Wl [WO (szegfpool)} } + Wi [WO (Fmaxfpool)} 1

Fs = ‘T[f7><7<Fuveg_p001’Fmax_pool”,Fs c RIXHxW @
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FF=FQFF =FEQF 3)

where Fyo poor and Fiax_poor denote the average pooling and maximum pooling, respec-
tively. Wy and W; denote the weights of the MLP. f7*7 denotes the convolutional operation
with a convolutional kernel size 7 x 7. o denotes the sigmoid function. ® represents the
element-wise multiplication operation. F’ and F” denote the temporary output and the
refined output, respectively. F, F; and F; denote the original feature map, output of channel
attention module and output of spatial attention module, respectively.
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Figure 5. The architecture of the CBAM.

4.2.3. Hybrid Loss Function

To enhance the network’s ability to capture fine details of wheel boundaries and
improve training stability, we employed a hybrid loss function that combines Dice loss and
Focal loss, as defined in Equations (4)—(7).

Lioss = (1 — T)Lgice + TLfocal 4)

Np k ok
Liice = i 1— % (5)

Npi= Lk Pr + Lk &

Bt
1 Np Np
Lfocar = FD;I; 0y (1 - C’t() log (CI;) (6)
k ok —

k _ pi, if& =1 7
Ct_{l—pf,ifgi‘—O 7

where L, Lyjc, and Lo, denote the total Dice, Dice loss and Focal loss, respectively. Tin
Equation (4) is used to balance the contributions of Lyjc, and L focq- p’f and gf denote the
predicted and ground-truth probabilities for pixel k in category t, respectively. Np and Np
denote the number of classes and the total number of pixels, respectively. a; and p; are
introduced to adjust the weighting for each class t, helping to mitigate the class imbalance
between foreground and background.
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5. Toe and Camber Angles Calculation Based on Iterative Closest Point

This section is about how to combine the segmented mask and the acquired point cloud
to calculate the wheel angles. It is organized in three main parts: point cloud extraction of
wheel rim, point cloud registration of wheel rim based on iterative closest point and wheel
angle calculation.

5.1. Point Cloud Extraction of Wheel Rim

Based on the mask generated by the APCS-SwinUnet, the wheel rim needs to be
extracted from the 3D point cloud. As illustrated in Figure 6, the 3D scanner stores
point cloud data in a row-wise sequence. Let the point cloud sequence be denoted by
P; (X;, Yi, Z;), where i denotes the index of the point cloud, and X, Y and Z have the same
index. The point cloud corresponding to the point (xy, 1) on the mask can be calculated
using the following equation.

P/ =P, if mask(xw,y,) >0 .
{ P/ =0, ij{mask(xw,yh) <0’ = 1) x W+ xa ®)

where P and P’ denote the original point cloud and the extracted point cloud, respectively.
(xw, yn) denotes a point on the segmented mask. W and H refer to the width and height of
the image, respectively.

0012 W>

—_

Row-by-row storage

Segmented mask

Figure 6. Schematic diagram of point cloud storage.

5.2. Point Cloud Registration of Wheel Rim Based on Iterative Closest Point

This section is about how to combine the segmented mask and the acquired point cloud
to calculate the wheel angles. It is organized in three main parts: point cloud extraction
of wheel rim, point cloud registration of wheel rim based on iterative closest point and
wheel angle calculation. Suppose that the initial and target point cloud sequences are
P{p1,p2,p3,...pi}, i < Nand Q{q1,92,93,...9;}, j < N, respectively, where N denotes
the total number of points. Since P and Q are acquired from different viewpoints by the
same 3D scanner, each point j in the set P can find a corresponding point in Q by the rigid
transformation, including rotation matrix R and translation matrix t, such that

Vi, q; = Rpj +t )

Then, we use the iterative closest point (ICP) algorithm [29] to find R and t that
minimize the alignment error defined by the following objective function.

F=Y"lla;— Rp;+ 0| (10)

To ensure robustness, a least-squares optimization is performed based on all point
correspondences and the singular value decomposition (SVD) algorithm is used to solve
for R and t. This approach guarantees a stable and optimal solution under the rigid
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transformation assumption, while ensuring that the resulting R and t satisfy orthogonality
constraints. Such a formulation not only minimizes the geometric alignment error but also
ensures the reliability of rotation matrix R and translation matrix t for subsequent angular
measurements or geometric analyses.

5.3. Toe and Camber Angles Calculation

After applying the ICP algorithm, the rotation matrix R is obtained, which describes
the rotational relationship between the initial and target point clouds with respect to each
axis. The rotation matrix can be expressed as follows:

r1 2 T3 cosipcos cosypsinfsing —sinPcos¢p cosPsinfcosd + sinysing
R=|ry 71y 1| =|singcosfd sinysinfsing+cospcos¢ sinysinfcosd — cosypsing (11)
3 3 133 —sinf cos 6 sin ¢ cos 0 cos ¢

where rq; ~ r33 denote the elements of the rotation matrix R. ¢, 6 and ¢ represent the
Euler angles around the z, y and x axes, respectively, which are commonly referred to as
the yaw, pitch, and roll angles. Since the rotation matrix R is obtained through the ICP
algorithm, the Euler angle can be calculated using Equations (12)—(14).

P = tan~! (721> (12)
1
0 = —sin !(r3) (13)
¢ = tan~! (7’32) (14)
33
Then, the Euler angle can be converted from radians to degrees using Equation (15).
1 1 1
¢’:¢x%,9’:9x%,¢’:qhx% (15)

where ¢/, 6’ and ¢’ denote the Euler angles in degrees corresponding to ¢, 6 and ¢ respec-
tively. In this paper, ¢ and 6’ represent the toe angle and camber angle, respectively.

6. Experimental Setup and Configuration

This section presents the detailed parameters of the measurement system, includ-
ing the overall system architecture, detailed parameters of the 3-D scanner, clinometer
and server.

6.1. Measurement System

As shown in Figure 7, the measurement system consists of an Azure Kinect, a clinome-
ter, a tripod, and a computer. The Azure Kinect was positioned approximately 70 cm from
the measured wheel and 29.3 cm above the ground. The intrinsic parameters (focal length,
principal point, and lens distortion) and the extrinsic transformation between the RGB and
depth cameras are taken from the factory calibration provided by the Azure Kinect SDK.
Since the wheel-angle estimation is performed directly in the depth coordinate frame, the
relevant extrinsic relationship is the pose of the Azure Kinect with respect to the wheel,
defined by the measured distance, height, and the rotation angle given by the clinometer.

Since a commercial wheel alignment system is very expensive, we do not yet have
sufficient budget to purchase such equipment. As a result, we adopt a feasibility-oriented
experimental setup in which the Azure Kinect sensor is mounted on a tripod with a lockable
pan-tilt head, and its pose is adjusted manually via the handle. In this setup, the camber
and toe angles are simulated by rotating the Azure Kinect vertically and horizontally,
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respectively, while keeping the wheel itself stationary. Because the sensor is adjusted
manually, it is only approximately, but not perfectly, parallel to the wheel plane. The
corresponding camber and toe angles are measured using a clinometer, and these readings
are treated as ground-truth values in our experiments. In the implemented system, the
initial scan is taken as the geometric reference configuration of the wheel rim, and all
subsequent measurements are obtained by registering the new rim point clouds to this
reference using ICP. Consequently, the proposed method relies on relative pose estimation
between the reference and current rim configurations, rather than on any absolute pose of
the sensor. This design makes the approach inherently robust to non-parallelism between
the camera plane and the wheel surface, as long as the relative motion between the sensor
and the wheel is accurately captured.

Figure 7. Schematic diagram of the measurement platform.

The main uncertainty sources in this feasibility setup include depth-measurement
noise, the limited resolution and alignment accuracy of the clinometer, manual sensor
positioning, and segmentation errors in the wheel-rim boundary that propagate to the
estimated angles. A complete uncertainty budget and a more detailed repeatability analysis
based on higher-precision fixtures and encoders are left for future work.

6.2. Three-Dimensional Scanner Description

The 3D scanner used in this study is the Azure Kinect, as shown in Figure 8. The
Kinect is a low-cost 3D scanner that integrates three main imaging components: an RGB
camera, a depth camera, and infrared (IR) emitters. It recovers the depth map and 3D point
cloud based on the time-of-flight (ToF) principle. Specifically, the device emits IR light
pulses onto the object, and the depth is calculated based on the time taken for the reflected
light to return to the sensor. The key parameters used in this study are as follows: the RGB
camera acquires images at a resolution of 1920 x 1080 pixels, with a frame rate of 30 fps
and a 16:9 aspect ratio. The depth camera operates in Wide Field of View (WFOV) mode.
The IR settings include 9 pulses, 125 us pulse width, 8 idle periods, 1450 us idle time, and
12.8 ms exposure time. Data acquisition was implemented using the Azure Kinect SDK in
Visual Studio 2019. A custom program was developed to capture both RGB images and the
corresponding 3D point clouds of the measured wheel.
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Depth cam

Figure 8. Schematic diagram of the Azure Kinect.

6.3. Description of Clinometer

The clinometer is used to measure the rotation angles of the Azure Kinect. As shown in
Figure 7, it is fixed to the Kinect and rotates together with it either horizontally or vertically.
The clinometer used in this study has a measurement range from 0° to 360° degrees, with a
resolution of 0.05°.

6.4. Server Configuration

The APCS-SwinUnet network was trained on a server equipped with an NVIDIA
GeForce RTX 3090Ti graphics card (24 GB; NVIDIA Corporation, Santa Clara, CA, USA), an
Intel Core 19 CPU (4.3 GHz; Intel Corporation, Santa Clara, CA, USA), and 64 GB of RAM
(Samsung Electronics Co., Ltd., Suwon, Republic of Korea). The system runs on Ubuntu
20.04. The software environment includes Python 3.8, Pytorch 1.13, and CUDA 11.6.

7. Experimental Results and Analysis

This section aims to verify and evaluate the feasibility of the proposed solution,
focusing on the segmentation results and the calculated wheel angles. The experimental
details and corresponding results are presented below.

7.1. Wheel Segmentation Experiments

We first provide details of the network training process, including the dataset com-
position and parameter settings of the proposed APCS-SwinUnet. Subsequently, the
segmentation performance is evaluated under normal conditions through both quantitative
analysis based on defined evaluation metrics and quantitative assessment of the segmenta-
tion results. Next, we evaluate the segmentation performance of the proposed method on
our wheel dataset under varying illumination conditions. Then, feature maps from both
the encoder and decoder are visualized. Finally, the performance of different segmentation
methods is compared on a public wheel dataset.

7.1.1. Datasets for Training and Testing

In this study, 535 different wheel types were collected. These wheel types come from
different vehicles, most of which are passenger vehicles, and were captured primarily
under sunny and overcast outdoor conditions. Among these 535 wheel types, 423 types
were assigned to the training set and the remaining 112 types to the test set. This split is
performed at the wheel-type level, so that images (original or augmented) belonging to the
same wheel type never appear in both the training and test sets. To enhance the diversity
and robustness of the training data, we applied a series of data augmentation techniques
to the initial training set, including brightness and contrast adjustment, noise injection,
rotation, and other geometric and photometric transformations. As a result, the training set
contains 5499 images in total. The test set comprises 112 original, unaltered images and is
not augmented, in order to preserve the integrity and validity of the evaluation.
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7.1.2. Parameter Settings of APCS-SwinUnet

The network was trained for 30 epochs with a batch size of 6. Input images were
resized to 512 x 512 pixels after being fed into the network. The Adam optimizer was used,
with an initial learning rate 0.2 and a drop path rate of 0.001, respectively. The window size
and embedding dimension were set to 32 and 96, respectively. The numbers of multi-head
attention modules in each stage were 3, 6, 12, and 24. The dilation rates in the ASPP module
were set to 4, 6 and 8, respectively.

7.1.3. Evaluation Criteria for Segmentation Network

We first use the Dice similarity coefficient (Dice) to evaluate the overlap and similarity
between the predicted mask (P) and the ground truth mask (G), as illustrated in the
schematic diagram in Figure 9a. The Dice coefficient can be calculated by Equation (16).

_ 2|PNG|

Dice = ————
[P|U|G|

(16)
where |P N G| and |P| U |G| denote the number of intersecting pixels and the total number
of pixels of the predicted and ground truth regions, respectively. In addition, we introduce
the Hausdorff distance (HD) metric, whose schematic diagram is shown in Figure 9b.
While Dice coefficient is more sensitive to the interior of the mask, HD focuses on boundary
differences. The HD is defined by the following equation.

D(G,P) = max(d(G,P),d(G,P))

d(G, P) =r;€ag{r’ggllgpl} (17)

d(P,G) = i —
(7,6) = max{minlp - g1}

where ||-|| represents a distance paradigm operation (e.g., Euclidean distance). The Haus-
dorff Distance is a bidirectional metric composed of two one-way distances, d(G, P) and
d(P,G). Specifically, D(G, P) computes the distance ||g — p|| between each point g; in the
set of G to the point p; that is closest to this point g;. Then, the maximum value of these dis-
tances is the value of this distance as the value of d(G, P). Similarly, (P, G) is computed by
the same way. Finally, the bidirectional HD is the largest of the two unidirectional distances
d(G,P) and d(P, G), which denotes the maximum degree of mismatch between G and P. In
this study, we adopt HD95, which represents the 95% of all point-to-set distances between
H and G. HD95 can reduce the effect of outliers and enhance the stability of the evaluation.

(a) (b)

Figure 9. Schematic diagram of metrics. (a) Schematic diagram of Dice. (b) Schematic diagram of HD95.

7.1.4. Comparisons with Different Segmentation Networks

To evaluate the performance of the proposed APCS-SwinUnet network, we conducted
comparisons with several representative segmentation networks, including FCN [30],
DeepLabV3 [27], OcUnet [31], U-Net [32], Att-Unet [33], U-Net 2+ [34], U-Net 3+ [35], Tran-
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sUnet [36], and SwinUnet [37] networks. Both quantitative and qualitative segmentation
results are provided for comprehensive analysis.

(1) Quantitative Analysis:

The Dice scores achieved by different methods are summarized in Table 1. As shown
in Table 1, there are significant differences among the methods. The proposed method
achieves a relatively high Dice score and a comparatively low HD95 value. A higher Dice
score indicates better overall contour of the wheel, while a lower HD95 indicates improved
accuracy in delineating fine boundary details. Empirically, APCS-SwinUnet outperforms
strong baselines, including SwinUnet and TransUnet, in both Dice and HD95. In particular,
SwinUnet achieves a Dice of 90.23% and an HD95 of 2.47, whereas APCS-SwinUnet
achieves a Dice of 90.66% and an HD95 of 2.11. The 0.43% improvement in Dice reflects
better overall rim contour segmentation, while the reduction in HD95 directly indicates
more accurate localization of fine boundary regions, which is precisely the aspect targeted
in thin-structure segmentation. In practice, these improvements translate into measurable
gains in toe and camber angle estimation, confirming that the adapted architecture is
effective for the real-world wheel alignment scenario.

Table 1. Comparisons with different networks.

Methods Dice (%) HD95
FCN 84.12 8.62
DeepLabV3 86.67 8.18
OcNet 88.11 8.06
U-Net 85.76 11.90
Att-Unet 88.65 9.65
U-Net 2+ 89.10 3.00
U-Net 3+ 89.49 3.43
TransUnet 89.85 2.56
SwinUnet 90.23 2.47
APCS-SwinUnet 90.66 2.11

These improvements mainly stem from three factors: the strong feature extraction of
Swin Transformer blocks, the ASPP module’s ability to capture multi-scale rim boundaries,
and the CBAM attention mechanism, which focuses on rim regions while suppressing
background clutter.

(2)  Qualitative Analysis:

To more intuitively compare the strengths and weakness of each method, we con-
ducted a qualitative analysis on typical segmentation results. Specifically, five types of
wheels (T1~T5), shown in the first row of Figure 10, were segmented using different net-
work in Table 1. For wheel type T1, all listed methods achieve satisfactory segmented
results. However, when the wheel rotates, as in the T2 column, the segmentation becomes
more challenging. As shown in the T2 column of Figure 10, U-Net and Att-Unet networks
not only miss part of the wheel region but also mistakenly classify background regions as
wheel areas. In contrast, the other methods demonstrate better performance on T2 type of
wheel. For the T3 type, methods including FCN, DeepLabV3, U-Net and U-Net2+ tend to
misclassify the wheel fender as part of the wheel region, likely due to the fender’s circular
shape resembling the upper portion of the wheel. In type T4, the wheel’s lower edge is
very close to the ground, making it difficult to distinguish from the background. As a
result, methods such as U-Net, Att-UNet, U-Net2+, U-Net3+, and SwinUnet misclassify
parts of the ground as the wheel. Type T5 presents a different challenge: the wheel edges
are particularly narrow, which leads to partial omission of the wheel region by U-Net,
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Att-UNet, U-Net2+, U-Net3+, TransUnet, and SwinUnet. In contrast, the proposed method
consistently delivers accurate segmentation across all wheel types (T1~T5), producing
results that are visually closer to the ground truth (GT), as seen in Figure 10. It is worth
noting that although some methods may not show obvious omissions or misclassifications,
their segmentation masks may still be slightly larger or smaller than the ground truth,
particularly around the boundaries. This discrepancy is reflected in the quantitative results
presented in Table 1. In summary, from both quantitative and qualitative perspectives,
the proposed method demonstrates superior and more stable segmentation performance
compared to other mainstream networks. Although the Dice score of our method is 0.43%
higher than that of SwinUnet, it achieves better boundary precision and segmentation
stability, which is beneficial for subsequent point cloud registration and angle computation.

Image

GT

FCN

Deeplalbiv

OeMNet

U-Meg

An-1Net

Li-Net 2+

=Mt 3+

T'rumstlnel

Swmlingt

Our

Figure 10. The segmented results produced by different networks.

7.1.5. Comparison Results Under Inconsistent Illuminations

To evaluate the impact of illumination changes, we collected 106 wheels under diverse
lighting conditions, including cloudy weather, direct sunlight, and shadow occlusion,
with examples shown in Figure 11. The previously trained models were applied to this
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dataset, and the segmentation results are summarized in Table 2. A comparison between
Tables 1 and 2 reveals that most methods suffer from performance degradation to varying
degrees under inconsistent illumination, particularly in accurately delineating the edges of
the wheel rims, as reflected by the HD95 metrics. In contrast, the proposed method exhibits
a smaller performance drop, indicating greater stability and robustness under different
lighting conditions.

Figure 11. Wheel images under various illumination conditions. (a) Sunlight at noon. (b) Afternoon.
sunlight. (c) Backlit with shadow. (d) Partial shadow.

Table 2. Comparisons under inconsistent illumination.

Methods Dice (%) HD95
FCN 84.35 16.95
DeepLabV3 86.57 10.51
OcNet 87.74 17.48
U-Net 84.10 21.48
Att-Unet 86.97 31.55
U-Net 2+ 86.89 25.86
U-Net 3+ 88.60 12.46
TransUnet 90.19 2.80
SwinUnet 90.16 2.71
APCS-SwinUnet 90.46 2.51

7.1.6. Feature Visualization of Encoder and Decoder

To provide a clearer and more intuitive understanding of the proposed network’s
internal representations, we use the wheel image in Figure 11b as an example and visualize
the feature maps of each stage of the encoder and decoder. The feature maps of the four
transformer modules in the encoder are shown in Figure 12a—d, while those in the decode
are shown in Figure 12e-h, respectively. For consistency, all feature maps in Figure 12a-h
are displayed at the same size. Figure 12a—d illustrate the progressive abstraction from
low-level to high-level semantic features, whereas Figure 12e-h demonstrate the gradual
restoration of spatial resolution via upsampling. As observed in Figure 12, the APCS-
SwinUnet network consistently focuses on regions near the wheel rim in both encoder and
decoder stages, while background and vehicle body regions are significantly suppressed.
This facilitates accurate segmentation of the wheel rim region, particularly its contour.
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Figure 12. Visualization of feature maps at different stages of the network. (a-d) Encoder stages 1~4
(left side of Figure 3). (e-h) Decoder stage 5~8 (right side of Figure 3).

7.1.7. Comparison Results on the Public Wheel Dataset

To evaluate the performance of the proposed method on public wheel datasets, we
selected a publicly available dataset named CAWDEC [38]. Representative sample images
are shown in Figure 13. As this dataset does not provide ground-truth masks for wheel
hub contours, we manually annotated 101 images to support evaluation. Given the time-
consuming labeling process, we annotated only 101 images from the CAWDEC dataset.
These annotated images were then used to compare the proposed method with several
mainstream segmentation approaches. Thus, this experiment mainly serves as a comple-
mentary 2D rim-segmentation benchmark and is inherently constrained by the limited
number of manually annotated samples and the practical cost of dense wheel-rim labeling.
To better assess the generalization ability of the proposed method, we did not retrain
the model on the CAWDEC dataset. Instead, the model trained on our own dataset was
directly applied to perform segmentation. The segmentation results of different methods
are summarized in Table 3.

Figure 13. Examples from the public wheel dataset. (a-f) Sample illustrations from various, publicly
available wheel datasets.

Table 3. Comparisons of wheel public dataset.

Methods Dice (%) HD95

FCN 70.38 28.79
DeepLabV3 72.47 4.37
OcNet 72.24 4.58
U-Net 72.87 16.68
Att-Unet 74.31 6.13
U-Net 2+ 74.49 5.53
U-Net 3+ 75.50 9.51
TransUnet 75.35 4.00
SwinUnet 75.27 9.92
APCS-SwinUnet 75.88 3.84
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As observed, most methods exhibit a notable drop in accuracy, likely due to inconsis-
tencies in acquisition devices, shooting angles, and environmental conditions. Despite these
challenges, the proposed method achieves comparatively better segmentation performance.
It is worth noting that segmentation serves only as an intermediate step in the proposed
framework, with the resulting segmentation masks used to extract the point cloud of the
wheel rim. Therefore, all subsequent evaluations are conducted on images captured by
the developed platform. As shown in Table 1, the proposed method also achieves strong
segmentation performance on the developed platform. Accurate wheel-rim annotation
requires fine-grained, pixel-level masks and is therefore extremely time-consuming. Never-
theless, since this research is still in the early stages, we plan to further expand the dataset
in both size and diversity in future work.

7.2. Point Cloud Extraction Result of Wheel Rim

After obtaining the wheel rim mask using APCS-SwinUnet, the corresponding point
cloud can be extracted from the full point cloud. To illustrate this process, we take the wheel
in Figure 14a as an example. Its point cloud, acquired by the Azure Kinect, is shown in
Figure 14b. The wheel image is then fed into the APCS-SwinUnet for inference, producing a
mask containing only the wheel rim, as shown in Figure 14c. Finally, the point cloud of the
wheel rim is extracted using the segmented mask and the method described in Section 5.1,
which is shown in Figure 14d.

Figure 14. Point cloud extraction results of the wheel rim. (a) RGB image of the wheel. (b) Segmented
mask of the wheel rim. (c) Original point cloud. (d) Extracted point cloud corresponding to the
wheel rim.

7.3. Wheel Angle Measurement and Evaluation
7.3.1. Point Cloud Registration Result

The initial point cloud and registered point cloud are shown in Figure 15a and 15d,
respectively. Figure 15b,c displays the initial point clouds from two additional positions,
with their corresponding registration results presented in Figure 15e,f. This study uses
the reference and target point clouds shown in Figure 15a as an example to illustrate the
process of point cloud registration and wheel angle calculation. The registration between
the reference and target point clouds, as shown in Figure 15b, is performed using the

158 https://doi.org/10.3390/metrology6010004



Metrology 2026, 6, 4

ICP algorithm described in Section 5.2. The corresponding rotation matrix is provided in

Equation (18).
11 t12 T3 0.9988 0.0001  0.0495
R=|ryq ryq rs|=1]-0.0002 1.0000 0.0034 (18)
Y31 132 133 —0.0495 —0.0034 0.9988

The rotation matrix R is an orthogonal matrix used to align the reference point
cloud with the target point cloud. The rotation matrix R contains nine elements, de-
noted as r1; ~ r33. The specific definition of rq; ~ r33 is provided in Equation (11).
X(0.9988, —0.0002, —0.0495)", ¥/(0.0001, 1.0000, —0.0034)" and Z(0.00495, 0.0034, 0.9988)"
in matrix R represent the projections of X', Y’ and Z’ axes of the target coordinate sys-
tem onto the reference coordinate system, respectively. Next, the rotation matrix can be
decomposed into radian angles (¢, 6, ¢) representing rotation rotated around Z, Y, X
axes. (i, 0, ¢) in radian values are then converted into their corresponding degrees angles
(', 0/, ¢'). Both the radian and degree values are summarized in Table 4. Since the Kinect
is currently moving along the horizontal direction, this simulated a camber angle, with the
resulting angle 6, representing the target camber angle.

Figure 15. Point cloud registration results between the initial point clouds and target point clouds.
(a—c) Initial and target point clouds. (d—f) Corresponding point cloud registration results.

Table 4. Angle measurement results.

¢ (rad) 6 (rad) ¢ (rad) ') 0'(°) ')
—0.00020 0.04952 —0.00340 —0.01146 2.83729 —0.19481

To evaluate the reliability and robustness of point cloud registration process, Gaussian
noise with a standard deviation ¢ ranging from 0.01 to 0.10 was added to both the original
reference point cloud and target point cloud shown in Figure 15a. The ICP algorithm was
then applied to perform point cloud registration and compute the corresponding rotation
matrices, which were subsequently used to calculate the wheel angles. To more intuitively
assess the impact of segmentation on angle estimation accuracy, a relative error metric is
introduced, as defined in Equation (19).

lyi — 9l
R, = i Jil (19)
‘ lyil
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where y; and 7J; denote the real angle and the measured angle of i, respectively.

The measured angles, absolute errors and relative errors under different noise levels
are summarized in Table 5. As shown in Table 5, the estimated wheel angles remain
relatively stable despite increasing noise levels, with both absolute and relative errors
being small. These results demonstrate the obtained rotation matrices and the point cloud
registration process are stable and robust.

Table 5. Angle measurement results under noisy point clouds.

Noise Level Real (°) Meas (°) Error (°) R, (%)
0.01 2.8500 2.8373 —0.0127 0.45
0.02 2.8500 2.8341 —0.0159 0.56

Table 5. Cont.

Noise Level Real (°) Meas (°) Error (°) R, (%)
0.03 2.8500 2.8333 —0.0167 0.59
0.04 2.8500 2.8334 —0.0166 0.58
0.05 2.8500 2.8339 —0.0161 0.56
0.06 2.8500 2.8348 —0.0152 0.53
0.07 2.8500 2.8340 —0.0160 0.56
0.08 2.8500 2.8333 —0.0167 0.59
0.09 2.8500 2.8339 —0.0161 0.56
0.10 2.8500 2.8336 —0.0164 0.58

7.3.2. Measurement Results of Toe and Camber Angles

In this section, we give the results of angle measurements at different positions and
directions. In addition, in order to evaluate the effect of the measurement distance on angle
measurement, the measurement platform was placed at different distances from the wheel.
The measured results are shown in Tables 6 and 7, respectively. Ds and D, in Tables 6 and 7
denote the distance of the innermost and outermost sides of the wheel from the platform,
respectively. We can see from Tables 6 and 7 that the maximum measurement errors of
the toe and camber angles are and —0.105° and 0.158°, respectively. Most of the measured
angles are very close to the real angle, which proves that the proposed method has a strong
stability with the change in the measurement distance.

Table 6. Measurement results of toe angles.

No Ds; (mm) D, (mm) Real (°) Meas (°) Error (°) R, (%)
1 687 743 —1.450 —1.457 —0.007 0.48
2 677 754 2.850 2.837 —0.013 0.46
3 691 733 —1.650 —1.755 —0.105 6.36

Table 7. Measurement results of camber angles.

No Dg (mm) D, (mm) Real (°) Meas (°) Error (°) R, (%)
1 751 802 —0.750 —0.807 —0.057 7.60
2 778 821 —0.650 —0.685 —0.035 5.38
3 750 808 3.200 3.358 0.158 494
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7.4. Extended Experiments
7.4.1. Angle Measurement Results of the Raw Point Couds

To verify the necessity of the proposed segmentation-guided registration scheme, we
first attempted direct registration using the raw wheel point clouds, each containing up
2,073,000 points. However, due to the high point density, point cloud registration was
extremely time-consuming and often exhibited poor convergence. To address this issue, we
applied downsampling to the raw wheel point clouds at various rates (ranging from 10% to
80%) and performed point cloud registration on the sampled data. The experimental results
shown in Table 8 indicate that increasing the sampling rate leads to longer registration
times, while the angle estimation accuracy remains limited and does not improve with
more point data. This is primarily due to the presence of unstable points from the car
body, tire, and background in the raw data, which negatively affect the registration process
and ultimately introduce angle estimation errors. In addition to poor accuracy, when the
sampling rate reaches 80%, the point cloud registration takes nearly seven hours, rendering
the registration process time-consuming and less viable. In contrast, the proposed solution
first segments the wheel rim using a dedicated network before point cloud registration,
enabling faster and more accurate angle estimation. This proposed solution not only
improves the measurement efficiency but also enhances the angle estimation accuracy. The
experimental results in Table 8 validate the above conclusions.

Table 8. Registration time and angle estimation across sampling rates.

Sampling Time (s) Real (°) Meas (°) R, (%)
Rate
10% 260.105 1.766 —1.084 38.04
20% 1006.079 1.747 ~1.103 38.70
30% 2461.575 1.732 ~1.118 39.23
40% 5875.771 1.728 ~1.122 39.37
50% 8530.951 1.728 ~1.122 39.37
60% 10,223.756 1.721 ~1.129 39.61
70% 16,907.151 1.720 ~1.130 39.65
80% 24,226.577 1.723 —1.127 39.54

7.4.2. Impact of Pixel Shifts on Angle Measurement

To evaluate the impact of wheel rim segmentation on wheel angle estimation, this
section uses the wheel mask shown in Figure 16a as an example. The masks are then
horizontally shifted by several pixels to the left and right, as shown in Figure 16b,c, re-
spectively. These shifted masks are subsequently used for point cloud registration, and
the corresponding wheel angles are calculated. The experimental results are presented in
Table 9, where Sy, My, Sg, MR, Ae, and R, denote the leftward pixel shift, leftward angular
measurement, rightward pixel shift, rightward angular measurement, absolute angular er-
ror, and relative angular error, respectively. As observed from Table 9, the angle estimation
error increases with the magnitude of the pixel shift, regardless of whether the masks are
shifted to the left or right. This growing error is primarily attributed to the inclusion of
non-wheel-rim point cloud regions in the registration process as the shift increases. These
extraneous regions lie outside the actual wheel rim and do not form a consistent planar
surface. Their varying distances from the measurement platform introduce inaccuracies in
point cloud registration, ultimately leading to deviations from the true wheel angle. These
findings highlight the importance of accurate wheel rim segmentation for precise wheel
angle estimation.
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Figure 16. Illustration of pixel-wise mask shifting. (a) Original mask. (b) Left shift in the mask.
(c) Right shift in the mask.

Table 9. Angle measurement results under different mask pixel shifts.

St Mg (°) A (°) R, (%) Sr Mg (°) A (°) R, (%)
0 —1.457 0.011 0.48 0 —1.457 0.011 0.48
-1 —1.439 0.011 0.76 1 —1.469 —0.019 1.31
-2 —1.424 0.026 1.79 2 —1.481 —0.031 2.14
-3 —1.416 0.034 2.34 3 —1.498 —0.048 3.31
—4 —1.405 0.045 3.10 4 —1.510 —0.060 4.14

Table 9. Cont.

St M (°) A, () R, (%) Sr Mg () A, () R, (%)
-5 —1.394 0.056 3.86 5 —1.528 —0.078 5.38
—6 —1.357 0.093 6.41 6 —1.543 —0.093 6.41
-7 —1.321 0.129 8.90 7 —1.560 —0.110 7.59
-8 —1.291 0.159 10.97 8 —1.594 —0.144 9.93
-9 —1.257 0.193 13.31 9 —1.612 —0.162 11.17
—10 —1.202 0.248 17.10 10 —1.666 —0.216 14.90
-15 —0.840 0.610 42.07 15 —-2.019 —0.569 39.24
-20 —0.480 0.970 66.90 20 —2.431 —0.981 67.66
-30 0.207 1.657 114.28 30 —3.101 —1.651 113.86
—40 0.963 2413 166.41 40 —3.833 —2.383 164.34
—50 1.850 3.300 227.59 50 —4.892 —3.442 237.38

7.4.3. Impact of Segmentation Methods on Angle Measurement

To evaluate the impact of different segmentation methods on wheel angle measure-
ment, a wheel with a ground-truth angle of 3.200° is selected as an example for analysis.
Segmentation masks generated by various methods are used to estimate the wheel angle,
and the results are summarized in Table 10. As shown in Table 10, the accuracy of angle
estimation varies significantly across different segmentation methods, primarily due to
significant differences in the Dice coefficients and HD95 values. Compared with the other
methods, the proposed approach achieves more accurate segmentation of the wheel rim,
particularly around the boundaries, which results in higher precision in the final angle
estimation. The experimental results presented in this section demonstrate a strong correla-
tion between the accuracy of wheel rim segmentation and the accuracy of angle estimation.
Moreover, compared with other methods, the proposed approach yields smaller angle
estimation errors, further validate its effectiveness.
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Table 10. Angle measurement results of different segmentation methods.

Methods Dice (%) HD95 Meas (°) Error (°) R, (%)
FCN 83.29 2.24 3.425 0.225 7.03
DeepLabV3 85.12 3.00 3.530 0.330 10.31
OcNet 86.36 2.24 3.515 0.315 9.84
U-Net 87.94 447 3.769 0.569 17.78
Att-Unet 89.67 3.61 3.646 0.446 13.94
U-Net 2+ 89.13 4.00 2.741 —0.459 14.34
U-Net 3+ 89.27 2.00 2.980 —0.220 6.88
TransUnet 89.72 2.83 2.874 —0.326 10.19
SwinUnet 90.09 2.24 3.404 0.204 6.38
APCS-SwinUnet 90.55 2.00 3.358 0.158 4.94

7.4.4. Runtime and Computational Efficiency

To quantify the computational efficiency of the proposed solution, we evaluated the
end-to-end runtime of the complete pipeline, which consists of three main stages: wheel rim
edge segmentation, point cloud registration, and angle estimation. On our test platform, the
segmentation network requires approximately 0.463 s per image to generate the wheel rim
mask. The subsequent point cloud registration and angle estimation take about 4.476 s per
sample, resulting in a total processing time of roughly 4.939 s per wheel. For comparison,
when point cloud matching is performed directly on the raw point cloud without prior
segmentation, the computational burden increases drastically. At a sampling rate of
80%, the point cloud registration alone requires nearly 7 h to complete, and the resulting
accuracy is significantly lower. These results demonstrate that the proposed method
offers a favorable trade-off between computational efficiency and practical applicability in
wheel-alignment scenarios.

7.4.5. Repeatability Experiments at Different Distances and Illuminations

To evaluate the stability and robustness of the proposed method under varying dis-
tances and illuminations, a series of repeated experiments were conducted. Four alignment
cases were considered in this section: toe-in, toe-out, negative camber, and positive camber.
The experiments were carried out on a sunny and breezy day, with the ambient temperature
around 31 degrees Celsius. To account for illumination variations, wheel measurements
were taken at 11:39 a.m., 12:45 p.m., 18:01 p.m., and 19:08 p.m. The corresponding wheel
images captured at these different times are shown in Figure 17.

Figure 17. Wheel images under different illumination conditions and distances. (a-d) Wheel images
captured at 12:45 p.m., 11:39 a.m., 18:01 p.m. and 19:08 p.m., respectively.

Taking the toe-in case as an example, five RGB images and corresponding point clouds
were acquired at the initial wheel position using the Azure Kinect, with a two-minute
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interval between each capture. After repositioning the sensor, another five sets of RGB
images and point clouds were collected at the target position using the same procedure.
Including the time required for data storage, each angular repeatability experiments took
approximately twenty minutes. Given the extended acquisition period, several random
factors were considered, including sensor noise, illumination variation, wind disturbances,
and the inherent measurement uncertainty of the Azure Kinect. The repeatability results
for toe-in, toe-out, negative camber, and positive camber angles are summarized in Table 11.
For each alignment case, five data groups were collected at both the initial and target
positions. These were paired to compute five corresponding angular values per case. As
shown in Table 11, the angular measurement errors under varying distances and lighting
conditions remain within a narrow range. To quantitatively assess the accuracy, mean
absolute error (MAE) and root mean square error (RMSE) were calculated according to
Equation (20).

(20)

where MAE and RMSE denote the mean absolute error and root mean square error. y; and
§; denote the real value and the measured value of i, while N denotes the total number
of samples. The MAE and RMSE for the toe angle are —0.045° and 0.078°, respectively,
while those for the camber angle are 0.010° and 0.066°, respectively. These repeated
experiments show that the proposed method exhibits good stability and robustness against
environmental variations. It is worth noting that direct sunlight should be avoided during
measurement. A distance ranging from 670 mm to 850 mm between the wheel and the
measurement platform is considered acceptable. Furthermore, since wheel alignment
tasks are typically performed indoors in vehicle maintenance facilities, the measurement
environment is generally well-controlled and stable.

Table 11. Repeated experiments under different distances and illuminations.

Toe—In Toe—Out Negative—Camber Positive—Camber
No 12:45 p.m.~12.59 p.m. 11:39 a.m.~11:57 a.m. 18:01 p.m.~18:19 p.m. 19:08 p.m.~19:25 p.m.
D =698 mm D, =744 mm D =704 mm D, =742 mm D =769 mm D, =831 mm D =698 mm D, =745 mm
Real (°) Meas (°) Error (°) Real (°) Meas (°) Error (°) Real (°) Meas (°) Real (°) Meas (°) Error (°) Real (°)
1 —0.900 —0.902 —0.002 1.400 1.307 —0.093 —0.900 —1.014 —0.114 1.250 1.323 0.073
2 —0.900 —0.946 —0.046 1.400 1.292 —0.108 —0.900 —0.932 —0.032 1.250 1.260 0.010
3 —0.900 —0.933 —0.033 1.400 1.227 —-0.173 —0.900 —0.954 —0.054 1.250 1.224 —0.026
4 —0.900 —0.877 0.023 1.400 1.283 —-0.117 —0.900 —1.000 —0.100 1.250 1.228 —0.022
5 —0.900 —-0.912 —0.012 1.400 1.281 —0.119 —0.900 —0.997 —0.097 1.250 1.315 0.065
6 —0.900 —0.873 0.027 1.400 1.348 —0.052 —0.900 —0.935 —0.035 1.250 1.401 0.151
7 —0.900 —0.904 —0.004 1.400 1.311 —0.089 —0.900 —0.887 0.013 1.250 1.325 0.075
8 —0.900 —0.873 0.027 1.400 1.259 —0.141 —0.900 —0.888 0.012 1.250 1.289 0.039
9 —0.900 —0.838 0.062 1.400 1.314 —0.086 —0.900 —0.924 —0.024 1.250 1.287 0.037
10 —0.900 —0.863 0.037 1.400 1.318 —0.082 —0.900 —0.938 —0.038 1.250 1.389 0.139
11 —0.900 —0.906 —0.006 1.400 1.380 —0.020 —0.900 —0.997 —0.097 1.250 1.346 0.096
12 —0.900 —0.959 —0.059 1.400 1.355 —0.045 —0.900 —0.925 —0.025 1.250 1.274 0.024
13 —0.900 —0.927 —0.027 1.400 1.313 —0.087 —0.900 —0.926 —0.026 1.250 1.251 0.001
14 —0.900 —0.870 0.030 1.400 1.358 —0.042 —0.900 —0.958 —0.058 1.250 1.235 —0.015
15 —0.900 —0.906 —0.006 1.400 1.368 —0.032 —0.900 —0.974 —0.074 1.250 1.342 0.092
16 —0.900 —0.873 0.027 1.400 1.258 —0.142 —0.900 —0.958 —0.058 1.250 1.392 0.142
17 —0.900 —0.924 —0.024 1.400 1.256 —0.144 —0.900 —0.891 0.009 1.250 1.316 0.066
18 —0.900 —0.909 —0.009 1.400 1.214 —0.186 —0.900 —0.907 —0.007 1.250 1.304 0.054
19 —0.900 —0.850 0.050 1.400 1.266 —0.134 —0.900 —0.944 —0.044 1.250 1.283 0.033
20 —0.900 —0.899 0.001 1.400 1.279 —0.121 —0.900 —0.948 —0.048 1.250 1.381 0.131
21 —0.900 —0.889 0.011 1.400 1.342 —0.058 —0.900 —0.922 —0.022 1.250 1.343 0.093
22 —0.900 —0.918 —0.018 1.400 1.326 —0.074 —0.900 —0.851 0.049 1.250 1.275 0.025
23 —0.900 —0.902 —0.002 1.400 1.272 —0.128 —0.900 —0.868 0.032 1.250 1.248 —0.002
24 —0.900 —0.842 0.058 1.400 1.331 —0.069 —0.900 —0.907 —0.007 1.250 1.236 —0.014
25 —0.900 —0.877 0.023 1.400 1.342 —0.058 —0.900 —0.909 —0.009 1.250 1.343 0.093
MAE —0.045 0.010
RMSE 0.078 0.066
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8. Conclusions and Future Development

To enable low-cost and flexible wheel alignment, this paper proposes a novel strategy
that integrates semantic segmentation and 3D vision. We develop an APCS-SwinUnet
segmentation network that incorporates ASPP, CBAM, and a hybrid loss function to
achieve accurate wheel rim extraction. Using the segmented rim as the region of interest,
we apply the ICP algorithm to register the reference and target point clouds, and then
convert the resulting rotation matrix into toe and camber angles. Experimental results
show that high-quality segmentation is crucial for reliable point-cloud registration and
precise angle estimation. Overall, the proposed solution provides accurate, stable, and
robust wheel-angle measurements while remaining cost-effective and flexible compared
with conventional wheel alignment methods.

Quantitatively, APCS-SwinUnet achieves a Dice score of 90.66% and an HD95 of
2.11 for rim segmentation, representing a 0.43% increase in Dice and a 0.36 reduction in
HD95 compared with the baseline model. Repeated experiments further show that the
MAE and RMSE are —0.045° and 0.078° for the toe angle, and 0.010° and 0.066° for the
camber angle, respectively, confirming that the proposed system can deliver accurate and
reliable wheel-angle measurements. In the revised manuscript, we also relate these errors
to the accuracy requirements specified in standards for four-wheel alignment instruments.
Specifically, the allowable indication errors for total toe and single-wheel toe are within +4/,
and that for camber is within £2’, corresponding to approximately 0.03-0.07°. Although
some of our current measurements yield absolute toe and camber errors that are slightly
larger, the errors remain well below 0.1° and are close to the target accuracy range.

The primary purpose of this study is to validate the feasibility of combining semantic
segmentation with point-cloud registration for wheel-angle measurement. Accordingly,
the current experiments focus on a single wheel in a controlled environment, and the pro-
posed system should be regarded as a feasibility prototype rather than an industrial-grade
product. For applications requiring higher angle-measurement accuracy, the proposed
algorithmic framework can, in principle, be integrated with industrial-grade 3D sensors.
We also explicitly acknowledge that the RGB images and associated 3D point-cloud data in
our self-collected dataset have limited diversity in wheel types and acquisition conditions.
This limitation constrains the current assessment of generalization and motivates future
extensions to larger and more diverse datasets. In particular, we have outlined a future plan
to enlarge the 3D dataset with additional wheel designs, environmental conditions, and
viewpoints so as to more comprehensively assess and improve the generalization ability of
the proposed model. Due to current resource constraints, a direct quantitative comparison
with a commercial wheel-alignment system is not yet feasible. However, we recognize that
such a benchmark would be technically sound and highly valuable, and we plan to allo-
cate future resources to acquire a commercial system for more rigorous, industry-relevant
validation. Future work will first extend the system to simultaneously measure the angles
of all four wheels by integrating four such subsystems. We also plan to further narrow the
gap to industrial standards by (i) adopting industrial-grade 3D scanners with higher stabil-
ity and smaller systematic errors, (ii) performing rigorous comparisons against certified
commercial alignment systems, and (iii) conducting a quantitative uncertainty analysis
in accordance with metrological standards (e.g., ISO-GUM [39]), including a complete
measurement model, an uncertainty budget, and traceability to SI units. Additional re-
search will address robustness under more challenging conditions, such as dirty or partially
occluded wheels and diverse rim geometries, and will investigate dedicated mechanical
fixtures to improve stability and repeatability. Finally, we envision leveraging advanced
machine-learning techniques not only for segmentation but also for data-driven uncertainty
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estimation, thereby strengthening the connection between this work and broader topics in
three-dimensional metrology and machine learning for metrology.
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Abstract: International comparisons play a critical role in ensuring precision, accuracy,
consistency, and trust in the global metrology system. The Comité International des Poids
et Mesures (CIPM) established the Mutual Recognition Arrangement (MRA) in 1999 to
facilitate global trade. This paper gives an overview of the critical role of international
comparisons to National Metrology Institutes (NMIs), industrial calibration laboratories,
and research laboratories in fostering global measurement equivalence and the CIPM MRA.
NMIs rely on Key and Supplementary Comparisons to ensure the mutual recognition of cal-
ibration and reference material certificates, vital for global trade and regulatory compliance.
Industrial calibration laboratories participate in inter-laboratory or international compar-
isons to validate their calibration and measurement capability (CMC) and balance their
risk management. Research laboratories push the frontiers of measurement science and
validate their measurement result via international comparisons. Through some examples
of comparisons, the paper illustrates how measurement result discrepancies uncovered
in comparisons drive technical improvements, uncertainty component identification, and
measurement technique refinement. International comparisons enhance scientific credibil-
ity, build public trust, support industrial innovation, and drive evolution in measurement
science. As technological demands grow, fostering broader participation in international
comparisons by various metrology and research laboratories remains crucial to maintain a
robust and reliable global metrology system.

Keywords: international comparisons; global metrology system; measurement uncertainty;
measurement science; National Metrology Institutes; industrial calibration laboratories;
research laboratories; calibration and measurement capability

1. Introduction

The global metrology system can be viewed as a top-down pyramid: at the top,
the Comité International des Poids et Mesures (CIPM) and the Bureau International des
Poids et Mesures (BIPM) maintain the International System of Units (SI) and coordinate
international comparisons [1-3]. Below them, the Regional Metrology Organizations
(RMOs) coordinate regional comparisons and peer reviews among the National Metrology
Institutes (NMlIs) and Designated Institutes (DlIs).

CIPM and BIPM work in close cooperation with organizations like the Organisation
Internationale de Métrologie Légale (OIML) and the International Laboratory Accredi-
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tation Cooperation (ILAC), among others, to support the global metrology system. The
OIML plays an important role in the global metrology system by focusing on the legal
metrology and regulatory aspects of measurement. It complements the scientific metrology
work coordinated by the BIPM and the CIPM. The role of ILAC in the global metrology
system is to ensure that measurement, testing, and calibration results from industrial ac-
credited laboratories are technically reliable, internationally recognized, and traceable to
the SI [4]. ILAC harmonizes the practices of national accreditation bodies to promote a
harmonized assessment of laboratories [5], reference material producers [6], proficiency
test (PT) providers [7], etc.

The CIPM has gradually established ten Consultative Committees (CCs) in various
technical areas from the 1920s to the 1990s. These CCs play an instrumental role in maintain-
ing the integrity of the global metrology system. There are eight CCs in physical metrology
areas which provide technical guidance and coordinate the work of NMIs in areas such as
length, mass, force, pressure, flow, temperature, humidity, electricity, magnetism, time and
frequency, photometry, radiometry, acoustics and vibration, ionizing radiation, etc. The
Consultative Committee for Amount of Substance: Metrology in Chemistry and Biology
(CCQM) coordinates the work of NMIs in organic analysis, inorganic analysis, gas analysis,
electrochemical analysis, surface analysis, isotope ratios, nucleic acid analysis, protein
analysis and cell analysis [8-11]. The Consultative Committee for Units (CCU) was set up
to advise the CIPM on matters concerning units of measurement, to develop and improve
the SI, and to prepare and update the SI Brochure [12]. These CCs ensure that metrology
standards of each country are continually updated to reflect the latest advancements in
science and technology.

Each country or economy has an NMI and/or one or more DIs that realize SI units,
participates in international comparisons, and provides traceability. These NMIs and DIs
provide a link to industrial calibration laboratories that serve industry under ISO/IEC
17025 accreditation [5]. Research laboratories support technology innovation by developing
new measurement methods or sensors with higher accuracy and precision, while industry
and society form the base of the global metrology system, benefiting from reliable, globally
comparable measurements and calibrations [2,3,13-15].

In the global metrology system, where metrological traceability and measurement
uncertainty of measurement results are fundamental, international comparisons serve as
a cornerstone for validating and harmonizing measurement standards across the globe.
International comparisons have a long history of development, spanning nearly 140 years.
In the 1st General Conference on Weights and Measures (CGPM) held in 1889 in Paris, the
International Prototype of the Kilogram (IPK) and the International Prototype of the Metre
(IPM) were adopted. BIPM compared each national copy of the metre bar and kilogram
(standards of many countries) against the IPK and IPM and reported their differences in
the 1st CGPM [16]. This can be considered the first formal international comparison for
mass and length standards.

The first international comparison of electrical resistance standards (mercury—ohm
standard) and voltage standards (Weston cells) was conducted in 1910 between the NMI
of the United Kingdom, Germany, France, and the United States of America [17-19]. The
first metrological international comparison of time and frequency standards (clocks) was
coordinated by the BIPM and reported at the 7th CGPM in 1927 [20]. In the 1920s-1960s,
international comparisons in other areas, such as temperature, photometry, pressure, and
ionizing radiation, were also organized by the BIPM [2].

By the 1950s-1960s, the BIPM had broadened international comparisons into most
base and derived SI quantities, providing the foundation for the establishment of the SI in
1960. This ultimately led to the CIPM Mutual Recognition Arrangement (MRA) in 1999 [21],
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which formalized the structure for international key comparisons (KCs) between NMIs
and created the key comparison database (KCDB) as a central record of equivalence and
calibration capabilities. Since then, KCs have been organized by CIPM’s CCs, and cover
all SI quantities (mass, length, time, temperature, electricity, acoustics, vibration, ionizing
radiation, photometry, radiometry, chemistry, biology, etc.).

RMOs also run supplementary comparisons (SC) and regional key comparisons,
which are linked back to the CIPM KCs for equivalence. Pilot studies organized by each
CC and the SCs run by RMO are designed to allow research laboratories to participate,
gain experience, and compare their measurement result to the respective international
KC. These activities enhance global measurement capability while maintaining traceability
through linking NMIs.

The CIPM established the MRA in 1999 to ensure that measurement standards main-
tained by different countries are comparable and equivalent [21]. The MRA relies on
KCs and SCs among NMIs to support the international trust in national metrology sys-
tems [22-26]. International comparisons are used to verify that measurement results from
different countries are traceable to equivalent national reference standards, and ultimately
to the SI. This builds confidence in the accuracy and equivalence of measurements world-
wide. Such comparisons help NMIs align their national metrology standards, ensuring
mutual recognition of measurement capabilities across borders.

By participating in international comparisons, an individual country or economy
demonstrates its measurement competence to satisfy trade partners and reduce technical
barriers to trade. Demonstration of a quality management system (QMS) that has been
reviewed and accepted through peer review or accreditation is an essential component of
the CIPM MRA. The QMS of an NMI should comply with ISO/IEC 17025 for calibration and
measurement services [5], and, where applicable, ISO 17034 for NMIs producing reference
materials [6]. Based on the successful peer review of both their technical capabilities and
their QMS, NMlIs may submit their Calibration and Measurement Capabilities (CMCs) to
the KCDB. These submitted CMCs will be reviewed first by the NMI’s own RMO (intra-
RMO review), then by other RMOs (inter-RMO review). After the CMCs are approved,
they are published in the KCDB.

Certified Reference Materials (CRMs) are widely regarded as the preferred means for
disseminating metrological traceability in chemistry, biological, and materials measure-
ments where direct calibration against physical standards is not feasible. CRMs from NMIs
or DIs must be produced in accordance with ISO 17034. Their certified values are traceable
to SI units via measurements covered by the CIPM MRA if their CMCs are published in the
KCDB. Such CRMs provide well-characterized reference values with stated uncertainties
and traceability to SI units, enabling reliable dissemination of traceable measurements
to industry. CRMs form a robust and internationally recognized route to establishing
traceability, thereby complementing the traditional calibration-based dissemination used
in physical metrology.

In a broader sense, international comparisons or inter-laboratory comparisons involve
a wider network of participating laboratories—NMIs, industrial calibration laboratories,
and research laboratories—all of which have contributed to the global consistency of
measurements. Many bilateral /multi-lateral comparisons (not registered with the BIPM),
hybrid comparisons [27] and informal comparisons between these laboratories are con-
ducted to validate their measurement results. The importance of international comparisons
extends beyond scientific rigour; it has practical implications for industry, trade, regulation,
and research.

An important reason for NMIs and Dls to participate in KCs is to meet the require-
ments of clause 7.7 in ISO/IEC 17025 (to ensure the validity of their measurement results).
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International comparisons serve as performance benchmarks for participating laboratories
to identify gaps, support training, and drive continuous improvement in measurement
technologies. High-precision measurements are essential for cutting-edge research in vari-
ous research laboratories. International comparisons ensure that research conducted across
countries is comparable and reproducible.

This paper begins with an introduction to the measurement uncertainty estimation
and description of the methodology and process of international KC. Section 4 discusses
how NMIs ensure global measurement consistency via international comparisons. We
then discuss how industrial calibration laboratories validate their CMCs and balance their
risk management. Section 6 addresses how research laboratories push the frontiers of
measurement science and validate their measurement result via international comparisons.
In Section 7, we underline the technical value of international comparisons with two
case studies. A summary of the main findings is presented in Section 8, followed by the
conclusions drawn from this review paper.

2. Uncertainty in Measurement

Measurement results must be assigned an estimated uncertainty when they are re-
ported; otherwise, they have no meaning. Without measurement uncertainty, you do
not know the 95% confidence interval of the measured result, or whether it can meet a
specification or tolerance. The measurement uncertainties are also important to compare
measurement results made by various laboratories and for assessing a product’s compliance
with limits and specifications [28-30]. One of the central purposes of international compar-
isons is to validate the measurement uncertainties claimed by metrology laboratories. By
demonstrating that results from different laboratories agree within their stated uncertainties,
these comparisons confirm the credibility of each laboratory’s measurement capability.

Measurement uncertainties are estimated following the Guide to the Expression of
Uncertainty in Measurement (GUM) [28]. The GUM was originally published in 1993 and
republished with minor corrections in 1995. In GUM, measurement uncertainty is divided
into Type A and Type B evaluations. Type A uncertainty comes from statistical analysis of
repeated measurements. Type B uncertainty includes components evaluated using non-
statistical methods, such as calibration certificate information, manufacturer specifications,
reference data, instrument limits, previous measurement data, physical constants, environ-
mental effects, uncertainty in bias correction, instrument resolution, long-term stability,
drift, noise, modelling errors, etc. All Type A and Type B uncertainty components are
first expressed as standard uncertainties and then combined using the law of uncertainty
propagation (LUP) to derive the expanded uncertainty at a 95% confidence level.

For non-linear models or non-normal probability distributions, the classical GUM ap-
proach for propagation of uncertainty can be inadequate. In 2008, GUM Supplement 1 was
published to introduce the Monte Carlo method for propagating uncertainty in non-linear
models and non-normal input distributions. The GUM is under ongoing revision to accom-
modate modern measurement methods, complex models, and digital metrology [31,32].

Measurement uncertainty analysis in diverse metrology standards has been well
described in the literature [33-49]. Careful analysis of all possible uncertainty contributions
is needed to derive reliable measurement uncertainties of a measurement system. Rigorous
uncertainty analysis can also help to improve the accuracy of such systems. Uncertainty
analysis can provide valuable insights into instruments’ performance and support the
development of instruments with higher precision [50,51]. A detailed uncertainty analysis
of Liquified Natural Gas (LNG) flow measurement [52,53] has revealed theoretically the best
accuracy that can be achieved for LNG bunkering and cryogenic liquid flow measurement.
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Measurement uncertainty is essential for interpreting results reported in international
or inter-laboratory comparisons. Without quantifying uncertainty, it becomes difficult to
assess the significance of differences in measurement results between laboratories. Reliable
uncertainty assessments are needed so that a laboratory can demonstrate the equivalence
of its metrology standards and maintain traceability to the SI.

For each KC, one or more key comparison reference values (KCRV) can be derived.
The KCRYV is a reference value representing the best estimate of the “true” measurand in the
comparison, based on all valid results reported by participating laboratories. KCRV is used
as a common reference point to compare all results of participating laboratories and derive
each laboratory’s degree of equivalence (DoE), which is the deviation of their measured
result from the KCRV. The uncertainty of the KCRV and DoE must also be estimated in the
KC report. Many statistical methods for the evaluation of key comparison data to identify
outliers and derive KCRV with uncertainty estimation have been proposed [54-69].

For RMO comparisons or pilot studies, measurement results from participating lab-
oratories need to be combined using statistical methods, considering their respective
measurement uncertainties to derive a comparison reference value (CRV) and to evalu-
ate its associated uncertainty. Methods for data analysis and linking the CRV in RMO
comparisons to KCRV have been proposed [58,70-74].

3. Methodology and Process of International Key Comparisons

In this section, we briefly describe how a typical KC is conducted. An international KC
begins with planning by a CC or the BIPM, which appoints a pilot laboratory responsible
for preparing the comparison protocol. This technical protocol specifies the comparison’s
scope, measurands, travelling standard, participating laboratories, circulation scheme (e.g.,
sequential loop or star configuration), measurement procedures, principal components
of the uncertainty budget, environmental conditions, results and uncertainty reporting
format, schedule, data submission deadlines, etc. [75]. The comparison protocol needs to
be reviewed and approved by the CC.

Before travelling standard circulation, the pilot laboratory verifies its suitability—
ensuring stability, transportability, and traceability to primary standards—and performs
initial characterization measurements. During the circulation phase, each participating
NMI receives the travelling standard, performs measurements, and reports the results with
complete measurement uncertainty budgets. The stability of the travelling standard is
monitored using the pilot laboratory’s repeated measurements during the circulation phase.
Data validation is performed to identify inconsistencies or drift for the travelling standard.

After measurements are completed by all participating laboratories, the pilot labora-
tory analyses all submitted data using statistical methods to identify outliers and determine
the KCRV with its expanded uncertainty [55-57,62,63]. The DoE between each laboratory’s
result and the KCRV are then calculated. Pairwise DoE among all participating laboratories
is also derived.

The KC report prepared by the pilot laboratory will go through the Draft A and
Draft B stages. In the Draft A report stage, all participating laboratories will review their
own submitted results and uncertainties, outlier identification, proposed KCRV and DoE,
statistical processing method, etc., in the report. When the final version of Draft A report
has been agreed upon by all participants, it becomes the Draft B report. In this stage, the
Draft B report will be sent to CC for technical review and formal approval. Once approved,
the KC final report is published in the BIPM KCDB.
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4. National Metrology Institutes: Ensuring Global Measurement
Consistency and Traceability

NMIs play a crucial role in ensuring the accuracy and consistency of measurements
within their respective countries, but their responsibilities extend far beyond national
borders. Participation in international comparisons is essential for NMIs to uphold their
status as custodians of national metrology standards. These standards and CMCs are vali-
dated against other NMlIs through international comparisons, ensuring a robust traceability
chain for calibration laboratories and industry. Successful comparison results can confirm
that an NMI’s measurement standards are comparable to those of other countries. NMIs
demonstrate the international equivalence of their measurement capabilities through KCs
and SCs coordinated by the BIPM and its associated CCs.

The international comparisons support the mutual recognition of calibration certifi-
cates, which are recognized by all MRA signatory countries. This mutual recognition is
vital for industries and businesses that operate internationally. The calibration of their
products can meet internationally accepted standards. Many products benefit from the
MRA through appropriate testing and conformity assessment. This can eliminate disputes
over measurement discrepancies, facilitating smooth international trade.

Accurate measurements are crucial for safety, quality, and compliance with regu-
lations. Nowadays, industries rely on standardized measurements to ensure that their
products meet international specifications. Satisfactory results in comparisons reinforce the
credibility and international standing of NMIs. For industries such as aerospace, automo-
tive, electronics, and pharmaceuticals, the reliable standards of NMlIs can ensure smooth
trade globally.

NMIs participate in various comparisons to ensure their measurement standards
and CMCs evolve with scientific progress [76-89]. Such standards also need to maintain
their relevance in a rapidly changing world. We give some examples of international key
comparisons between NMIs in this section.

- The Consultative Committee for Length (CCL) has conducted key comparisons of op-
tical frequency and wavelength standards, such as CCL-K11 [79,90,91]. These compar-
isons are used to ensure uniformity in laser wavelength measurements across different
NMlIs. The comparisons CCL-K1 focus on the calibration of gauge blocks by optical
interferometry, to maintain length measurement equivalence and traceability [83,92].
These CCL key comparisons have supported length metrology development and the
realization of the metre.

- The Consultative Committee for Mass and Related Quantities (CCM) organized the
first key comparison CCM.M-K8.2019 for realizations of the kilogram definition based
on the Planck constant, with a final report published in 2020 [93]. This comparison
is used to determine agreement between realizations of the kilogram using Kibble
balances, joule balances, and the X-ray Crystal Density (XRCD) method. The KCRV
has a deviation of —0.0188 mg (with a standard uncertainty of 0.0075 mg) from
the mass unit maintained by the BIPM working standards (nominal mass is 1 kg).
The second CCM key comparison CCM.M-K8.2021 for realizations of the kilogram
definition was conducted in 2021-2022 [94]. Its KCRV has a standard uncertainty of
0.0074 mg and a deviation of —0.0152 mg from the 1 kg mass unit maintained by the
BIPM working standards.

- BIPM has carried out an ongoing on-site key comparison of Josephson voltage stan-
dards among NMIs under the denomination BIPM.EM-K10.a (1 V) and BIPM.EM-
K10.b (10 V) under the auspices of the Consultative Committee for Electricity and
Magnetism (CCEM) [95]. A recent comparison between the NMI of Finland and BIPM
was reported in 2021 [96]. Their final results were in good agreement within the
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combined relative standard uncertainty of 2.5 parts in 10! for the nominal voltage
of 10 V.

- CCT-K7.2021 key comparison of water-triple-point (TPW) cells was conducted be-
tween 19 NMIs, with its final report approved by the Consultative Committee for
Thermometry (CCT) in 2023 [97]. The maximum difference between two transfer cells
was 92 uK, with a standard deviation of 26 uK, which shows an almost factor-of-two
improvement compared to CCT-K7 results. Compared to the previous comparison,
CCT-K7 [98], this recent comparison has shown major improvements in the quality of
TPW cells, definition of national references, and quality of uncertainty assessments.

- The Consultative Committee for Photometry and Radiometry (CCPR) has organized a
key comparison CCPR-K1.a.2017 for Spectral Irradiance in the wavelength range of
250 to 2500 nm using Tungsten quartz halogen lamps (1000 W) as artifacts [99]. The
relative standard uncertainties of the KCRV were estimated to be 0.08% to 0.28%. The
measurement uncertainties reported by the participants in CCPR-K1.a.2017 were, in
general, less than those claimed in the previous comparison for Spectral Irradiance
(CCPR-K1.a). The final report shows that ~80% of all results (at all wavelengths) agree
with the KCRV within 1% at 250 to 2500 nm, which is similar to the results of the
previous CCPR-K1.a comparison (published in 2006) [100].

- The Consultative Committee for Acoustics, Ultrasound and Vibration (CCAUYV) or-
ganized the first key comparison CCAUV.A-K4 for free-field microphone sensitivity
derived using the reciprocity technique [101]. The travelling standards were two %
inch laboratory-standard microphones (Briiel & Kjeer 4180), which were calibrated at
1 kHz to 40 kHz under free-field conditions in an anechoic chamber. The submitted
results of all seven NMIs were included in the estimation of the KCRVs. The final
report shows that ~94% of all results (for all frequencies) agree with the KCRV within
the uncertainties.

- The CCQM has organized three KCs on natural gas mixtures, namely CCQM-K1,
CCQM-K16 and CCQM-K23, to ensure comparability in natural gas composition
reference standards among the NMIs [80,102-105]. The final report for a more recent
KC for natural gas (CCQM-K118) was published in 2022 [106]. In this comparison,
the KCRVs have been derived using a weighted mean computed from the largest
consistent subset (LCS) of the submitted results. Some of the participants reported
one or a few discrepant results, partly due to the heterogeneity and heteroscedasticity
of the datasets. Overall, the results in CCQM-K118 have shown good comparability of
the metrology standards for natural gas composition in the 14 participating institutes.

As illustrated in Figure 1, the role of NMIs is essential for maintaining the traceability
and credibility of the global metrology system. The equivalence of measurement standards
across borders, verified through international comparisons, also fosters scientific innovation.
Researchers working with international partners can trust that the measurement data they
exchange is consistent, which supports collaborative research work.

To publish a CMC in the BIPM KCDB, an NMI must demonstrate its technical com-
petence and QMS by peer review or accreditation before the CMCs can be submitted to
the KCDB. The QMS of an NMI should comply with ISO/IEC 17025 [5] for calibration
and measurement services and ISO 17034 if the NMI produces reference materials [6]. The
QMS ensures that an NMI implements systematic controls and proper documentation over
measurement processes and traceability to the SI [1,107-110]. The QMS, CMCs, and MRA
form an integrated framework to ensure global confidence in measurement results. The
audited QMS practices build mutual confidence among NMIs, which form the basis for
global equivalence in measurement standards.
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Figure 1. Roles of NMls in ensuring the global measurement consistency and traceability.

5. Industrial Calibration Laboratories: CMC Validation and Risk
Management

5.1. Validation of CMC

Industrial calibration laboratories need to demonstrate their competence through
ISO/IEC 17025 accreditation. Their calibration standards must be traceable to SI units,
usually through calibration services provided by NMIs or other accredited calibration
laboratories. For these laboratories, participation in international comparisons, inter-
laboratory comparisons or PT plays a crucial role in validating their claimed CMCs and
meeting the requirements of accreditation assessment [111-117].

Accreditation bodies request accredited calibration laboratories to regularly participate
in PT or inter-laboratory comparison (when PT is not available) to show their competence
in calibration [7]. Such PT can be conducted by an NMI or a commercial organization
which offers PT services with ISO/IEC 17043 accreditation [7]. PT provides an external,
unbiased check of a laboratory’s ability to perform accurate calibrations. Successful PT
results enable the calibration laboratory to be recognized internationally under the ILAC
MRA [118].

5.2. Financial and Legal Binding of Measurements

These calibration laboratories often provide calibration services or develop products
where precise measurements are legally or financially binding. Thus, their reported mea-
surement uncertainties and CMCs carry significant weight. To mitigate potential legal and
financial risks, industrial laboratories may need to declare uncertainties with a conservative
margin. Liability and financial risk management influence the measurement uncertainty
declared by industrial calibration laboratories.

In many industries, the calibration reports directly impact product quality, safety
and regulatory compliance. The uncertainty affects how reliable and trustworthy their
measurements are perceived to be. For example, any deviation in measurement in phar-
maceutical products could lead to a batch being rejected. In the aerospace industry, even
minor calibration discrepancies can result in catastrophic outcomes. As a result, industrial
calibration laboratories are under pressure to provide measurements with a high level of
reliability, as reflected in the reported measurement uncertainty.

Overly optimistic uncertainty in calibration certificates means the laboratory could
have underestimated the true measurement uncertainty, resulting in a reported uncertainty
that is too small to be realistic. This could expose the laboratory to liability in legal disputes
or claims for damages. The measurement uncertainty also often has regulatory implications;
in many jurisdictions, products and processes need to conform to standards and such con-
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formance decisions are influenced by the uncertainty values. In this context, measurement
uncertainty becomes part of a risk management strategy. Calibration laboratories must
ensure their uncertainty values have an adequate cushion against potential errors.

5.3. Risk Management and Decision Rule

Industrial laboratories have to consider the potentially unknown uncertainty factors
in the calibration process. This is to protect themselves from potential legal claims or
financial repercussions. Thus, a conservative approach is often adopted in estimating the
measurement uncertainty. A safety margin, or uncertainty guard-banding, is included
to account for any unforeseen errors during calibration [119,120]. This decision rule can
mitigate the risk of underestimating uncertainty. This conservative approach also helps to
ensure that their calibration reports comply with industry standards and regulations. Mea-
surement uncertainty with guard banding means adding a safety margin to the estimated
measurement uncertainty. Their final reported uncertainty (or CMC) includes a margin
factor to ensure their calibration results can comply with contractual obligations.

The priority of industrial laboratories is to ensure that their measurement results
are reliable with acceptable uncertainty. They need to focus on risk and responsibility.
In the automotive or pharmaceutical sectors, precise instrument calibration can affect
product performance or patient safety. In these cases, a measurement result with a reliable
uncertainty estimation is most important.

In industrial laboratories, uncertainty estimation and decision rules are tools for man-
aging legal and financial risk [119-121]. A conservative approach in declaring uncertainty
helps safeguard against disputes and legal challenges. This becomes an essential part of
the laboratory’s overall risk management strategy. ISO/IEC 17025 emphasizes that calibra-
tion laboratories should identify, evaluate, and control risks that could affect the validity
of calibration results or the reliability of decisions [5]. ILAC has published a guideline
ILAC G8:09/2019 on the use of decision rules when issuing statements of conformity to
specifications or standards [122].

Participation in inter-laboratory comparisons or PTs enables a calibration laboratory to
compare its measurement results with peers or comparison reference values and to validate
its claimed uncertainties (with guard banding). The deviations detected in such compar-
isons can reveal sources of error which are not captured in the uncertainty budget. Thus,
participation in such comparisons is also a risk management tool for industrial laboratories.

6. Research Laboratories: Pushing the Frontiers of Measurement
Science

Research laboratories in academia and industry operate under a distinctive paradigm
compared to NMIs and industrial calibration laboratories. While the calibration laboratories
typically focus on providing calibration services with legal liability, research laboratories
primarily concentrate on advancing scientific understanding and technology. Their role is
to explore the limits of measurement science and develop cutting-edge methodologies for
high-precision measurement [123-133].

Many NMIs also have research laboratories or R&D groups with a role distinct from
other groups that focus on routine metrology functions (e.g., performing calibration service,
maintaining national standards and supporting traceability chains). Instead, their role is to
advance measurement science, conduct cutting-edge research, and develop new metrology
standards using novel methods.

Research laboratories focus on the pursuit of knowledge and technological innovation.
In this context, their core objective is often to reduce measurement uncertainty to its lowest
possible levels, exploring new ways to push the boundaries of measurement precision
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and accuracy. Such research works are often highly experimental, leading to innovations
that could eventually revolutionize measurement techniques. Some of these research
findings have been used by NMIs to develop new metrology standards (e.g., quantum
time standards [134-141], graphene electrical resistance standards [142-146], quantum
voltage standards [147,148], primary realization of the kilogram using a Kibble balance and
XRCD [149-161], etc.).

6.1. Pushing the Frontiers of Measurement Science

Research laboratories focus on achieving the lowest possible measurement uncertainty
by developing novel measurement methods that outperform traditional approaches. This
drive for superiority aimed to prove the scientific robustness of their work, for instance, by
achieving high measurement precision in fields like quantum technology, nanotechnology,
or space science.

Research laboratories have contributed to the development of metrology and pushed
the boundaries of measurement precision and accuracy. Research laboratories innovate
new measurement techniques to achieve smaller uncertainties. Their research findings may
ultimately lead to new instruments and methodologies with higher precision.

6.2. Benchmarking via International Comparisons

Many research laboratories have participated in international comparisons, including
those pilot studies organized by the BIPM, SCs organized by RMO and inter-laboratory com-
parisons [77,78,81,162-165]. These comparisons allow research laboratories to benchmark
their measurement performance against NMlIs and other leading metrology laboratories.
They validate their measurement capabilities and identify areas for improvement via the
comparisons. Contributions from many research laboratories help drive new develop-
ments in metrology. A few examples are given below to show significant developments in
these areas:

- The Consultative Committee for Time and Frequency (CCTF) has initiated a roadmap
for redefining the SI second to enhance precision, accuracy, and long-term stability
of timekeeping. This initiative is driven by advancements in optical frequency stan-
dards, such as those based on 71Yb and 8Sr, which are intrinsically accurate at the
level of parts in 10'8, two orders of magnitude lower than that of traditional !33Cs
microwave atomic clocks [166-170]. The redefinition aims to improve the accuracy
and stability of International Atomic Time (TAI) and Coordinated Universal Time
(UTC) [12,164,167,170-173]. An international comparison of optical frequencies via a
transportable optical lattice clock and another comparison of optical clocks through
very long baseline interferometry (VLBI) have been conducted to check the consistency
of optical clocks at the fractional uncertainty of 108 level on an intercontinental
scale [81,162].

- NPL and the University of Cambridge had reported their work to develop a quantum
current standard using single-electron pumps [174]. They compared the electron
pump current with a reference current generated outside the pump cryostat, with an
uncertainty on the order of 1 ppm. This is an important work in Quantum Metrology
Triangle (QMT) experiments to check the self-consistency of the three fundamental
quantum electrical standards [163,175,176].

- A pilot study on AC voltage comparisons was conducted in 2024 by the National
Institute of Standards and Technology (NIST) and BIPM [147,148]. The aim of this
comparison is to harmonize quantum voltage standards globally. This pilot study
focuses on quantum-based Josephson voltage standards to ensure consistency in AC
voltage measurements. The BIPM’s transportable Programmable Josephson Voltage
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Standards (PJVSs) were compared to NIST’s Josephson Arbitrary Waveforms Syn-
thesizer (JAWS). They have achieved a type A uncertainty of a few parts in 10 for a
10 Hz sine wave at 2 V rms in this comparison.

- Comparison between NIST and National Institute for Advanced Industrial Science
and Technology (AIST) has been conducted using Graphene and GaAs Quantized
Hall resistance (QHR) Devices [82]. In this work, several graphene QHR devices from
NIST were compared to GaAs QHR devices and a 100 () standard resistor from AIST.
Comparisons between the QHR devices have been reported with uncertainties of less
than 5 nQ)/ Q).

- Aninter-laboratory comparison on quantum resistance (memristor) between 3 NMIs
and 3 research laboratories has been reported [165]. The results show the consensus
values of this comparison have deviations of —3.8% and 0.6% from the agreed SI
values for the fundamental quantum of conductance, Gy and 2Gy, respectively. The
consensus values’ deviations from the SI values are well covered by their expanded
measurement uncertainty.

- A comparison was conducted by four laboratories for measuring the detection effi-
ciency of free-running InGaAs/InP single-photon avalanche detectors (SPAD) at the
wavelength of 1550 nm [177]. The detection efficiency for the mean photon number per
pulse was between 0.01 and 2.4. The measured efficiency values by the participants are
all consistent within the claimed uncertainties. This study is a good preparation for or-
ganizing future international comparisons of the detection efficiency of single-photon
detectors at telecom wavelengths.

Over time, research laboratories have been responsible for many breakthroughs that
form the backbone of modern measurement systems, such as the development of new
metrology standards for time (microwave atomic clocks and optical clocks) [178], the
invention of laser interferometry for precision dimensional measurement [179,180], etc.
Together with NMIs, research laboratories play a vital role in the advancement of precision
measurement technologies. Their work ensures that measurement science continues to
evolve and improve, benefiting industries and government agencies in the long run.

7. The Technical Value of International Comparisons

International comparisons also provide a unique opportunity for all participating
laboratories to validate their measurement setups. When the same standard or artefact is
circulated among multiple laboratories, it allows each participant to confirm the consistency
of their measurements. If a laboratory obtains a result that significantly deviates from the
consensus, it prompts an internal review. This discrepancy can lead to improvements in
the measurement system. Thus, comparisons are a powerful method of external validation.

Discrepancies in comparison results will trigger an investigation of the source of
the error. This could involve re-examining calibration procedures, identifying potential
systematic errors, or revisiting the uncertainty analysis framework. Additionally, when a
laboratory’s results diverge notably from others, it may prompt a re-evaluation of measure-
ment protocols or equipment maintenance schedules to ensure alignment with established
standards. Two case studies are given below to show this technical value.

7.1. Case Study: Phase Noise Inter-Laboratory Comparison

The first international comparison in the area of phase noise was held in 1993 [181].
More than 10 years later, another important international comparison for phase noise was
conducted and reported by Salzenstein et al. in 2006 [111]. This study involved various
industrial calibration laboratories and research laboratories across Europe and aimed to
assess the consistency and reliability of multiple phase noise measurement systems. The
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preliminary results, published in the proceedings of the 20th European Frequency and Time
Forum, revealed disparities among participants that sparked valuable technical discussions.

As an illustration, we provide some results of this comparison in Figure 2. At 5 MHz,
one of the participating laboratories (B) shows a big deviation from the other participants.
After some investigation, this laboratory (B) found it was due to a technical issue. Three
other laboratories did not report their measurement uncertainties. The reported phase
noise levels appear to be quite similar across most participating laboratories.
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Figure 2. Single sideband (SSB) phase noise at 1 Hz offset from the 5 MHz carrier, in a phase noise
inter-laboratory comparison conducted in 2006 [111]. LR1 and LR2 represent the measurements
carried out on the two benches of the reference laboratory. One participant (B) identified an issue
after the comparison, which can explain the observed big deviation during the comparison. Three
participants (C, D, and F) did not report the uncertainty of their measurements, although their results
were consistent with the overall average. Participant E was unable to provide a result.

Technical discussions were sparked due to these differences in the results. These
differences also led to modifications in some participants” measurement setups and a
deeper understanding of the measurement process itself. The comparison facilitated not
only performance benchmarking but also the identification of best practices for phase noise
characterization. Such inter-laboratory comparisons are vital in niche areas like phase noise
metrology, where measurement complexity and system sensitivity make standardization
particularly challenging.

7.2. Case Study: Comparison of Particle Charge Concentration and Particle Number Concentration

The European Association of National Metrology Institutes (EURAMET) organized
a pilot study for comparison of aerosol electrometers (EuRAMET comparison #1244) in
2013 [182]. This is the first comprehensive international comparison of particle charge
concentration measured by aerosol electrometers for particle sizes from 6 nm to 200 nm.
This pilot study shows that some laboratories may have underestimated their uncertainties
at certain particle number concentrations, and that their relative deviations from the CRVs
exceeded their claimed uncertainty. The result of this comparison has led to a review of
uncertainty budgets and to the identification of other possible sources of measurement
errors (noise floor of electrometer, port bias error, sample flow rate error, etc.) to derive
reliable measurement uncertainty.

After this EURAMET pilot study, the CCQM organized the first and second KC
for particle number concentration and particle charge concentration in 2017 and 2024,
respectively (CCQM-K150, CCQM-K185) [85,183,184]. The results of CCQM-K150 and
CCQM-K185 show that many NMlIs have improved their measurement accuracy, and the
estimated uncertainties are more realistic, which ensures that their results agree with the
KCRVs within the uncertainties.
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7.3. Discussion

International comparisons have helped to support continuous improvement in the
metrology laboratory. The deviation from the CRV can highlight potential bias errors in
their system or insufficient measurement uncertainty. Laboratories may need to develop
new calibration techniques to enhance their measurement system.

Such comparisons act as a catalyst for sustained improvement in measurement tech-
nique. This process of comparison, review, and improvement can enhance the quality of
metrology standards. NMIs can identify needs for better reference materials, more accurate
instruments, or improved calibration methods via such international comparisons. This
ensures that metrology can keep pace with scientific innovations.

8. Summary

We have given an overview of the critical role of international comparisons in the
global metrology system. Since the first international comparison of mass and length
standards in 1889, we have seen the impact of such comparisons on the development of
metrology standards. International comparisons ensure the precision, accuracy, consis-
tency, and mutual trust within the global metrology system. Measurement uncertainty
analysis is essential for interpreting the results of each participating laboratory in inter-
national comparisons. Reliable uncertainty assessments and analysis ensure that various
laboratories can demonstrate the equivalence of their metrology standards with CRVs
and validate their traceability to the SI. The data from each comparison needs to be an-
alyzed using appropriate statistical methods to identify outliers and derive a CRV with
reliable uncertainty.

This paper has discussed the challenges faced by NMlIs, industrial calibration laborato-
ries, and research laboratories. NMIs have relied on KCs, SCs and pilot studies coordinated
by the BIPM and CCs to ensure the mutual recognition of metrology standards and trace-
ability to the SI, which are vital for global trade and regulatory compliance. NMIs have
been developing quantum metrology standards and have organized many international
comparisons to validate the measurement uncertainties and precision.

Industrial calibration laboratories regularly participate in inter-laboratory or inter-
national comparisons to validate their CMCs and meet ISO/IEC 17025 accreditation re-
quirements. They also need to balance the claimed uncertainties with their risk manage-
ment, as their calibration reports would be subject to legal liability for compliance with
regulatory standards.

The focus of research laboratories is to push the frontiers of measurement science
and develop cutting-edge measurement techniques with breakthroughs in measurement
precision. Research laboratories have participated in international comparisons to val-
idate their measurement result and benchmark their capabilities with other NMlIs or
research laboratories.

We have given some examples of international comparisons to illustrate their technical
value. Measurement result discrepancies uncovered during these comparisons have driven
technical improvements, the identification of uncertainty components, and the refinement
of measurement techniques. This helps NMIs to improve their metrology standards, leading
to higher accuracy and more reliable uncertainty assessment.

It is known that large discrepancies have appeared in some international comparisons,
which could be due to travelling standard drift, differences in measurement methods,
environmental conditions, differences in traceability, etc. Sometimes these issues can lead
to large uncertainty of KCRV or CRV, arguments over the identification of outliers, or a
suitable statistical method for processing comparison data. In the future, it will require more
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mature measurement techniques, more stable artifacts, or more accurate reference standards
to improve the results of international comparisons for those more challenging areas.

9. Conclusions

International comparisons are more than just technical exercises—they are founda-
tional to the integrity, coherence, and advancement of measurement science. They have
played a critical role in validating measurement capabilities, building public trust, support-
ing international trade, enhancing scientific credibility, and fostering continuous technology
innovation. Each stakeholder—be it an NMI ensuring global measurement consistency, an
industrial calibration laboratory providing calibration services, or a research laboratory
striving for scientific excellence—derives distinct yet equally vital benefits from these
international comparisons.

KC and SC protocols and final reports are all published to foster public trust in
the global metrology system. Comparison reports with satisfactory results reassure the
public that measurements are accurate and traceable. Regulatory bodies and industrial
stakeholders can benefit from this transparency and trust. Ultimately, this will support
more collaboration between nations to develop globally accepted metrology standards.

As science and technology continue to evolve, the role of international comparisons in
ensuring measurement traceability and validating measurement uncertainties will remain
central. To build a robust global metrology system, we need to encourage international com-
parisons with broader coverage of measurands, greater participation by more laboratories,
and deeper integration into scientific and industrial practices.
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Abbreviations

The following abbreviations are used in this manuscript:

BIPM Bureau International des Poids et Mesures

CcC Consultative Committees

CGPM General Conference on Weights and Measures
CIPM Comité International des Poids et Mesures
CMC Calibration and measurement capability

ILAC International Laboratory Accreditation Cooperation
IPK International Prototype of the Kilogram

IPM International Prototype of the Metre

KC Key comparison

KCDB Key comparison database

MRA Mutual Recognition Arrangement

NMI National Metrology Institute

OIML International Organization of Legal Metrology
RMO Regional Metrology Organization
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SC supplementary comparison
SI International System of Units
AIST Advanced Industrial Science and Technology
CCL Consultative Committee for Length
ccom Consultative Committee for Amount of Substance: Metrology in Chemistry
and Biology
CCTF Consultative Committee for Time and Frequency
CRV Comparison reference value
DoE Degree of equivalence
EURAMET  European Association of National Metrology Institutes
GUM Guide to the Expression of Uncertainty in Measurement
JAWS Josephson Arbitrary Waveforms Synthesizer
KCRV key comparison reference value
LNG Liquefied Natural Gas
NIST National Institute of Standards and Technology
PJVS Programmable Josephson Voltage Standard
PT Proficiency testing
QHR Quantized Hall resistance
QMT Quantum Metrology Triangle
SSB Single sideband
TAI International Atomic Time
TFPI Tandem Fabry-Pérot interferometer
UTC Coordinated Universal Time
VLBI Very long baseline interferometry
ISO International Organisation for Standardization
QMS Quality management system
LCS Largest consistent subset
cCcu Consultative Committee for Units
CCEM Consultative Committee for Electricity and Magnetism
CCT Consultative Committee for Thermometry
CCAUV Consultative Committee for Acoustics, Ultrasound and Vibration
CCPR Consultative Committee for Photometry and Radiometry
CCM Consultative Committee for Mass and Related Quantities
SPAD Single-photon avalanche detector
XRCD X-ray crystal density
CRM Certified Reference Material
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