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1. Main research activities in Mass, Force/Torque, Pressure/Vacuum, Density, Viscosity, Hardness 

and Fluid Flow 

Mass 

•   Adaption of the general machine-actionable DCC-scheme to the specific needs and 

demands of mass metrology together with accredited calibration laboratories and industry 

from Germany, Austria and Switzerland. Publication of a first guide on the set-up and use 

of digital calibration certificates in mass (DKD expert report). This makes use of the 

current activities in the digital representation of units in the D-SI scheme. A respective 

project regarding DCCs for non-automatic weighing instruments is on its way in strong cooperation with 

industrial partners.  

• Developments and cooperation with leading industry started in order to establish a digital product 

passport (DPP) for measuring instruments. Based on an asset administration shell and taking into 

account the information elements contained in a DCC, initial concepts were developed. A first 

demonstrator will be expected by mid of 2023. 

• First International Summer School on the DCC was held on 13. – 24. June 2022. More than 70 

participants from 40 countries, representing NMIs, DIs, calibration service providers and industry 

stakeholders from numerous metrology domains received a fundamental introduction into the main 

aspects of the DCC. It was complemented by hands-on exercises and discussions on implementation 

aspects. 

• PTB established a DCC-Focus group where interested developers can meet weekly in order to participate 

in the developments of the DCCs or receiving support for their own developments. 

• First demonstrator for automatable generation of a DCC report from any laboratory control software 

• In order to advance the digital infrastructure for calibration service providers, PTB has developed a pilot 

application for machine-interpretable and fully automatic key comparisons. In addition to the machine-

interpretable calibration certificate for mass, it includes access to a machine-interpretable database in 

which the SI units are stored. A central evaluation module generates the result report. The study shows 

one way of implementing the FAIR (Findable, Accessible, Interoperable, and Reusable) principles, 

Persistent Identifiers (PIDs) and Level 4 (IDIS Whitepaper “SCENARIOS FOR DIGITIZING 

STANDARDIZATION AND STANDARDS” 2021) specifications. Important components are the D-SI 

metadata format and the digital calibration certificate based on it. The structure of the digital calibration 

certificate is based on the specifications of the DKD (German Calibration Service) expert report (DKD-

E7.2; Instructions on how to use the DCC schema to create a digital calibration certificate for weights; 

https://www.ptb.de/cms/metrologische-dienstleistungen/dkd/publikationen.html). This was developed in 

cooperation with calibration service providers and industry. PTB is taking on the role of coordinator. 

Interested parties worldwide are invited to help shape the developments and to use them themselves. 

 



 

The illustration shows the interaction of a digital metrological twin (D-TM), shown here as a processor. 

This communicates via a digital interface (REST API) with data sources and machine-interpretable 

standards. A result report is output. The implementation also took into account developments that were 

decided at the last CGPM meeting and at the CIPM meeting. 

• In 2021, 2022 and 2023 three workshops were held in order to establish machine actionable DCCs on a 

global harmonized marked. More than 1000 participant of much more than 70 countries participated at 

the workshops. 

• Integration of activities in the area of digital transformation in metrology with work carried out by other 

bodies of the German quality infrastructure. The corresponding initiative "QI-Digital" aims to develop a 

set of digital tools and solutions to later form the fundamental basis for a digitally interoperable quality 

infrastructure. This initiative is a national implementation of the ideas behind the "Joint Statement of 

Intent" signed by several bodies of the international quality infrastructure in 2022. 

• First realization of a comprehensive and agile demonstrator for FAIR principles in the quality 

infrastructure and level 4 digital maturity of certificates, guidelines and standards was developed and 

will be transferred to calibration services and industry. First industry ready applications bring together 

automated key comparison handling, access to machine-readable standards and automated creation of a 

machine-actionable report. The implementation of a digital metrological twin (D-MT) acts as an 

autonomous AI system. An important element of this setup is the provision of constants in a machine-

comprehensible way. To this end, a web-based service is being developed that will later also be 

accessible for other purposes than the demonstrator.  

• Organization of the first international conference on metrology and digital transformation - the IMEKO 

TC6 M4Dconf. The conference took place September 2022 as a fully hybrid event. Contributions 

included digital certificates, digital representation of units of measurement and digital infrastructures for 

metrology. 

• Further development of the Planck-Balance - test of new facility and subassemblies, implementation of 

an AC quantum voltmeter in an automated measurement procedure. First usability example of a digital 

metrological twin ("virtual Planck-Balance") for the uncertainty estimation. 

• Development of novel transfer artefacts made of silicon. Young Excellent Paper Award at IMEKO 

World Congress 2021 by K. Lehrmann  

• Online-Workshop “Round & established2 2022” with partners of the Si-Trust regarding the long-term 

experience in handling, storage and use of silicon spheres made of natural silicon was held at 2022/08/23 



and 24. Participants of 10 countries reported about their experience of using silicon spheres as mass 

standards. 

• International exchange with NIST, NIM and CENAM 

• Final improvements to the setup of the absolute lattice parameter measurement of Si-28 are underway to 

control all relevant systematic effects. The following measures were found to be necessary: re-etching of 

the splitter-/mirror-crystal, introduction of a temperature shield, as well as the implementation of an 

interferometric 6DoF-Sensor to measure the 3D trajectory while scanning. 

• A second x-ray interferometer from a different Si-28 crystal will be manufactured and used for the 

absolute lattice parameter measurement. 

• The setup of a lattice comparator for relative measurements is underway. It is planned to investigate the 

homogeneity of the lattice parameter from different locations inside one crystal as well as between 

different crystals of Si-28 with a relative uncertainty in the range of a few parts per billion. 

• Participation in the second CCM key comparison of realisations of the kilogram (CCM.M-K8.2021). 28Si 

spheres were used as primary mass standards with relative standard uncertainties (k = 1) of 1.6 × 10-8 and 

1.5 × 10-8, respectively. One platinum-iridium prototype and one natSi sphere were used as travelling 

standards.  

• Relative correction of PTB mass scale by -5 × 10-9 in accordance with the introduction of the Consensus 

Value 2023 (“Dissemination from the Consensus Value for the kilogram”, CCM February 2023), 

implementation of changes in QM system and information of customers 

• Investigation of mathematical models for a treatment of artefact instability effects in interlaboratory 

comparisons  

• Repeated gravimetric measurements of cleaned silicon spheres confirmed a repeatability of the applied 

cleaning method for silicon spheres in the order of two micrograms (standard uncertainty) 

• Peer Review of the Department 1.1 Mass, Working Group 1.11 Mass Standards: Verification of the 

requirements of the CIPM MRA within the EURAMET project 1083 based on the international standard 

ISO/IEC 17025:2017 and the CIPM document MRA-G-12. 

• Automatization of mass determinations in the mass range between 1 mg and 10 g by means of a robotic 

system  

 

Force/Torque 

 

•  Adaption of the general machine-actionable DCC scheme to the specific needs and 

demands of force and torque metrology together with accredited calibration laboratories 

and industry from Germany, Austria and Slovenia. Work on the harmonisation of the XML 

element attributes and their names. This makes use of the current activities in the digital 

representation of units in the D-SI scheme. Extensive work on tools for the automated generation of an 

XML DCC within the GEMIMEG framework and also for a direct data path from spreadsheets to XML 

• Traceability of probing forces for AFM, stylus instruments, CMM and nanoindenters. 

• Development und investigation of methods for traceability of force measurement for continuous and 

dynamic applications (https://www.ptb.de/empir2018/comtraforce/home/). 

https://www.ptb.de/empir2018/comtraforce/home/


• Development of methods for traceable mechanical and electrical power measurement for efficiency 

determination of wind turbines (https://www.ptb.de/empir2020/windefcy/home/). 

• Development of a torque standard machine with a capacity of 5 MN·m with the possibility of an 

extension to 20 MN·m in the new competence center for wind energy 

• Development of standards and methods for the multi-component calibration of force and torque 

transducers 

• Development and investigation of low force standards for the range from 1 N down to 1 nN 

• Development and investigation of low torque standards for the range from 1 N·m down to 1 mN·m 

 

 

Pressure/Vacuum 

 

•  Automatized generation of a digital calibration certificate for vacuum gauges and 

corresponding digital infrastructure  

•                Development of digital calibration certificates for calibration of barometers and pressure 

transducers. 

• Pressure realization by fundamental measurement of refractivity 

• Evaluation and standardization of a new type of ionization vacuum gauge suitable as transfer standard 

• Validation of a new high and medium vacuum standard made of aluminum (static expansion system) 

• Development of an oil-based interferometric micromanometer with an integrated oil density 

measurement facility as a primary pressure standard for 2 kPa range of absolute and gauge pressure. 

• Characterisation of force-balanced piston gauges as primary pressure standards in the range of 15 kPa 

based on state-of-the-art dimensional metrology and methods of the rarefied gas dynamics. 

• Development of methods and standards for reliable calibration of low gauge pressures and particularly 

negative gauge pressure based on pressure balance and liquid column manometry. 

• Research on piston-cylinder assemblies of pressure balances: Study of piston rotation rate effect. 

Stability of the effective area based on dimensional measurements. 2D flow modelling of piston-

cylinders' effective area. 

 

 

Density 

 

•  The discussions on DCCs for mass and weights were accompanied by input from solid 

density to ensure compatibility during future developments for DCCs in density. 

 

 

• Development of a high-precision hydrostatic system to compare 1 kg spheres manufactured from natural 

and isotopically enriched silicon 

• Development and validation of a liquid density measurement facility for elevated pressures up to 700 bar 

https://www.ptb.de/empir2020/windefcy/home/


• Development and investigation of traceable liquid density measurements under wide conditions (EMPIR 

17RPT02 rhoLiq, Establishing traceability for liquid density measurements) 

 

 

Hardness 

 

• Development of fast measurement techniques for nanomechanical characterization of nanowires used in 

energy harvesting nanodevices (EMPIR 19ENG05 NanoWires "High throughput metrology for 

nanowire energy harvesting devices", https://www.ptb.de/empir2020/nanowires/project/) 

• Automation of Rockwell measurement systems based on measurements at the preload phase (TransMet 

Project) 

 

 

Fluid Flow 

 

•  The topic of a DCC was discussed in the DKD Technical Committee "Flow 

Measurands" and there is interest in developing DCC here as well.  

A first draft for a DCC for piston-stroke pipettes was discussed in the DKD 

technical subcommittee "Volume".  

•  Development of a virtual ultrasonic flowmeter 

• Development of a new wind primary Lidar standard for 3D wind vector measurements and 

measurement heights between 10 m and 300 m with high spatial and time resolution.  

• Development of test infrastructure for calibration and testing as well for conformity assessments (type 

approvals) with gaseous fuels containing hydrogen up to 100 %.  

• Establishment of traceable test infrastructure for gaseous fuels containing hydrogen up to 100 % and for 

CO2 on site of industrial partners. 

• Scientific based establishment of transferability of calibration results obtained with conventional gases 

for application with hydrogen 

• Durability tests for domestic gas meters for renewable gaseous fuels and fuels containing hydrogen up 

to 100 %. 

• Development of infrastructure and test regimes for the characterization of flow meters closer to 

operating conditions including dynamic calibrations 

• Research in the use of cavitation nozzles in liquid flow metrology 

• Development of transfer setups for onsite calibrations and intercomparisons of flow meters 

• Development of time-resolved laser optical temperature measurements in water with Filtered Brillouin 

Scattering combined with Laser Doppler velocimetry 

  



2. Participation in relevant comparisons after/until 2021  

 

Comparison ID Subfield Number of 
Participants 

Pilot Status Years 

EURAMET EMPIR 

17RPT02 rohLiq 

Density of 

liquids 

12 IPQ In progress 2018- 

CCM.D-K1.2023 Density 

standards 

11 PTB Measurements in progress 2022- 

CCM.D-K5 and 

EURAMET 

comparison No. 

1440 

Density of 

liquids 

15 BEV In progress 2019- 

CCM.D-K5 and 

EURAMET 

comparison No. 

1440 

Density of 

liquids 

15 BEV In progress 2019- 

EURAMET.M.H-

S2.a.b 
Hardness 3 INRIM Measurements completed 2018-

2019 

CCM.H-K3 Hardness 5 INRIM Protocol complete 2020- 

EURAMET.M.D-

K4.2020 

Hydrometers 9 INRIM Completed, final report: 

Metrologia 59 (2022) 

07005 

2020-

2022 

CCM.M-K8.2021 Mass 

standards 
9 BIPM Completed, Final report: 

Metrologia 60 (2023) 

07003 

2021-

2022 

EURAMET.M.M-

K7 

Mass 

standards 

20 UME Measurements in progress 2020- 

CCM.P-K4.2012.1 Pressure 2 NIST In progress 2019- 

EURAMET.M.P-

K4.2020 

Pressure 5 PTB In progress 2019-

2023 

CCM.P-K16 Pressure 9 CENAM In progress 2020-

2023 
CCM.P-K17 Pressure 9 CENAM In progress 2020-

2023 

CCM.P-K18 Pressure 9 CENAM In progress 2020-

2023 

CCM.V-K3 Viscosity 19 NMIJ Report in progress, Draft 

A 

2012- 

xxx 

SIM.M.FF-S9 Water flow 6 PTB/CENAM Report in progress, Draft 

A 

2015-

2019 

EURAMET 

Project No. E 

1507 

Water flow 13 CMI Report in progress, Draft 

A 

2020-

2021 

EURAMET 

Project E. 1506 – 

Pilot study 

Water flow 8 CETIAT Draft B 2020-

2021 

CCM.FF-K5.2021 Gas Flow 5 PTB In progress 2021-

2024 

CCM.FF-K6.2017 Gas Flow 10 CMS/ITRI Published 

Metrologia 2022 59 Tech. 
Suppl. 07012 

2022 

EURAMET Project 

F 1515 

Air speed 9 UME Published 2022 

Euramet Pilot 

study no. F1565 

Air speed 11 CMI In progress 2022-

2024 

CCM.F-K23 Force 11 METAS Report in progress, Draft 

A 

2019-

2022 

https://doi.org/10.1088/0026-1394/59/1A/07012
https://doi.org/10.1088/0026-1394/59/1A/07012


Comparison ID Subfield Number of 
Participants 

Pilot Status Years 

CCM.F-K1 Force 21 TUBITAK 

UME 

In progress 2021-

2022 

CCM.T-K3 Torque 7 PTB In progress 2022- 

 

  



3. List of relevant publications since 2021 

Mass  

Beyer, E.: Oberflächenquantifizierung von Siliziumkugeln für die Neudefinition and Realisierung des 

Kilogramm mit röntgenspektroskopischen Methoden, PTB-Bericht MA, 103 (2021) 

Foyer, G.; Schulz, K.: Overview study of the use of several weighing instruments for static determination of 

vehicle mass in Germany, Measurement: Sensors 18 (2021), 100114 

Members of the Technical Committee Mass and Weighing Instruments of the DKD: Instructions on how to 

use the DCC schema to create a digital calibration certificate for weights: Expert Report DKD-E 7-2, 

https://doi.org/10.7795/550.20220419B 

Wu, Yu-Hsin; Tsao, Lin; Chiu, Jeng-Yu; Chen, Sheng-Jui; Fliegauf, Rolf; Müller, Matthias; Beyer, Edyta; 

Kolbe, Michael: Quantification via X-ray fluorescence analysis of oxygen in the surface layer of a Si-sphere 

used as a new mass standard. X-Ray Spectrom. 2021, 1 – 7 

Lehrmann, K.; Härtig, F.; Tutsch, R.: Numerical simulation for the determination of the measurement 

uncertainty for the calibration of mass standards by transfer artefact. Measurement: Sensors, 24 (2022), 

100414 

Lehrmann, K.; Härtig, F.; Tutsch, R.: Substitution measurement of mass standards using novel transfer 

artefacts. Technisches Messen 2021; 88(S1): S14-S16 

Lehrmann, K.; Härtig, F.; Tutsch, R.: Simulated measurement-uncertainty determination for mass-standard 

calibration via transfer artefacts. Measurement: Sensors, 18 (2021), 100090 

Stock, M.; Conceição, P.; Fang, H.; Bielsa, F.; Kiss, A.; Nielsen, L.; Beaudoux, F.; Espel, P.; Thomas, M.; 

Ziane, D.; Baumann, H.; Eichenberger, A.; Marti, K.; Bai, Y.; Hu, M.; Li, Z.; Lu, Y.; Peng, C.; Wang, J.; 

Wang, Y.; Wu, D.; Abbott, P.; Haddad, D.; Kubarych, Z.; Mulhern, E.; Newell, D.; Schlamminger, S.; 

Fujita, K.; Inaba, H.; Kano, Y.; Kuramoto, N.; Mizushima, S.; Okubo, S.; Ota, Y.; Zhang, L.; Davidson, S.; 

Green, R.G.; Liard, J.O.; Murnaghan, N.F.; Wood, B.M.; Borys, M.; Eppers, D.; Knopf, D.; Kuhn, E.; 

Hämpke, M.; Müller, M.; Nicolaus, A.; Scholz, F.; Spoors, M.; Ahmedov, H.: Final report on the CCM key 

comparison of kilogram realizations CCM.M-K8.2021. Metrologia 60 (2023) 07003 

Marschall, M.; Wübbeler, G.; Borys, M.; Elster, C.: On modeling of artifact instability in interlaboratory 

comparisons. Metrologia 2023 (submitted) 

Poroskun, I, Rothleitner, Ch., Heißelmann, D.: Structure of digital metrological twins as software for 

uncertainty estimation, Journal of Sensors and Systems: 11 (2022), 1, 75-82 

Poroskun, I., D. Heißelmann, and C. Rothleitner: Building Blocks for an Adaptive Software-based 

Uncertainty Estimation. SMSI 2021-System of Units and Metreological Infrastructure (2021): 327-328. 

Poroskun I., Rothleitner Ch., Heißelmann D.: Systematische Realisierung von Software zur 

Messunsicherheitsbestimmung am Beispiel der virtuellen Planck-Waage. VDI-Berichte. (2021). VDI Verlag, 

Düsseldorf. S.159–168. doi.org/10.51202/9783181023907 

Vasilyan, S., Rogge, N., Rothleitner, C., Lin, S., Poroskun, I., Knopf, D., Härtig, F., Fröhlich, T.: The 

progress in development of the Planck-Balance 2 (PB2): A tabletop Kibble balance for the mass calibration 

of E2 class weights. tm-Technisches Messen. (2021). 88(12), 731-756. 

Ch. Rothleitner, J. Kloß, J. Konrad: Measuring the induced AC voltage in the Planck-Balance with an AC 

quantum voltmeter, TC3 Conference 2022, Cavtat-Dubrovnik, CROATIA, 11 October 2022 - 13 October 

2022, (2022), DOI: 10.21014/tc3-2022.071 

https://doi.org/10.7795/550.20220419B


Ch. Rothleitner, S. Svitlov, I. Poroskun, J. Kloss, and J. Konrad. Determination and correction of the force 

factor in the Planck-Balance. Conference on precision electromagnetic measurements (CPEM) 2022. 12-16 

December 2022. Wellington, New Zealand. (2022). 

Rothleitner, C.: Waage und Verfahren zum Kalibrieren einer Waage. Patent 2021, Aktenzeichen: DE 10 

2021 130 144 B3 2023.01.12 (Patent erteilt) 

 

Gravimetry 

Ch. Rothleitner: Ultra-weak gravitational field detected, Nature (2021), 209-210. 

Ch. Rothleitner: Good vibrations, Nature Physics (2022), 18, 856-857  

Rothleitner, C & Li, Z.: Gravitationsfeldeigenschaftsmessgerät und Verfahren zum Messen einer 

Gravitationsfeldgradientenänderung. Patent 2022, Aktenzeichen: 10 103 398.8 (eingereicht) 

 

Force/Torque 

A. Brüge; Determination of the linearity fine structure of bridge amplifiers by mechanical means; 24th 

Conference on the Measurement of Force, Mass and Torque 2022, DOI: 10.21014/tc3-2022.009 

 

Th. Bruns, J. Nordholz, D. Röske, Th. Schrader: A demonstrator for measurement workflows using digital 

calibration certificates (DCCs); Measurement: Sensors, Volume 18, 2021, 100208, ISSN 2665-9174, DOI: 

10.1016/j.measen.2021.100208. 

 

M.-A. Demir, M. Jordan, T. Krah, S. Schönhals, S. Hackel, F. Härtig, T. Schrader, J. Loewe, B. Gloger, J. 

Jagieniak, G. Söylev Öktem; A Human Readable Form of the DCC; IMEKO TC6 M4Dconf 2022, DOI: 

10.21014/tc6-2022.035. 

 

F. Tegtmeier, C. Weißmüller, E. Krämer; Round robin test on the calibration of material testing machines 

(iso 7500-1); 24th Conference on the Measurement of Force, Mass and Torque 2022, DOI: 10.21014/tc3-

2022.027 

 

A. Dubowik, E. Mohns, C. Mester, M. Heller, M. Zweiffel, J. Quintanilla Crespo, J. Hällström, P. Weidinger; 

Report on the technical requirements for the electrical power measurements and definition of the measurands 

for nacelle test benches; Zenodo [online only], DOI: 10.5281/zenodo.4726089 

 

J. Frühauf, E. Gärtner, Z. Li, L. Doering, J. Spichtinger, and G. Ehret, ‘Silicon Cantilever for 

Micro/Nanoforce and Stiffness Calibration’, Sensors, vol. 22, no. 16, 2022, doi: 10.3390/s22166253. 

[Online]. Available: https://www.mdpi.com/1424-8220/22/16/6253 

 

K. Geva, H. Kahmann, C. Schlegel, R. Kumme: Experimental results of measurement hinge flexure stiffness 

determination; 24th Conference on the Measurement of Force, Mass and Torque 2022, DOI: 10.21014/tc3-

2022.096 

 

C. L. Giusca, S. Goel, I. Llavori, R. Kumme, O. Baer, A. Prato, A. Germak; Digital representation of a load 

cell; 24th Conference on the Measurement of Force, Mass and Torque 2022, DOI: 10.21014/tc3-2022.026 

 

B. Gloger, L. Doering, S. Hackel, J. Jagieniak, G. Söylev-Öktem; Input management for the DCC; IMEKO 

TC6 M4Dconf 2022, DOI: 10.21014/tc6-2022.034. 

 



S. Hackel, F. Härtig, T. Schrader, A. Scheibner, J. Loewe, L. Doering, B. Gloger, J. Jagieniak, D. 

Hutzschenreuter, G. Söylev Öktem, ‘The fundamental architecture of the DCC’, Measurement: Sensors, vol. 

18, p. 100354, Dec. 2021, doi: 10.1016/j.measen.2021.100354. [Online]. Available: 

https://www.sciencedirect.com/science/article/pii/S2665917421003172. 

 

S. Hackel, S. Schönhals, L. Doering, T. Engel, and R. Baumfalk, ‘The Digital Calibration Certificate (DCC) 

for an End-to-End Digital Quality Infrastructure for Industry 4.0’, Sci, vol. 5, no. 1, 2023, doi: 

10.3390/sci5010011. [Online]. Available: https://www.mdpi.com/2413-4155/5/1/11 

H. Laiz et al., ‘2nd international DCC-Conference 01 - 03 March 2022 Proceedings’, p. 318, 2022, doi: 

10.7795/820.20220411. [Online]. Available: https://oar.ptb.de/resources/show/10.7795/820.20220411. 

 

S. Hackel, S. Schönhals, T. Krah, and L. Doering, ‘Maschinenlesbares und maschineninterpretierbares 

digitales Kalibrierzertifikat (DCC) und sein Einsatz in der Praxis’, tm - Technisches Messen, Mar. 2023, doi: 

10.1515/teme-2022-0117. 

 

S. Hackel et al., ‘Das Digital Calibration Certificate (DCC)’, in Messunsicherheit praxisgerecht bestimmen - 

Prüfprozesse in der industriellen Praxis 2021 - VDI nachrichten, vol. 2390, Erfurt, 2021, pp. 349–359 

[Online]. Available: https://www.vdi-nachrichten.com/shop/messunsicherheit-praxisgerecht-bestimmen-

pruefprozesse-in-der-industriellen-praxis-2021/. 

 

H. Kahmann, K. Geva, C. Schlegel, R. Kumme, F. Härtig; Final design of ptb’s 5 MN·m torque standard 

machine with possible future extension to 20 MN·m; 24th Conference on the Measurement of Force, Mass 

and Torque 2022, DOI: 10.21014/tc3-2022.076 

 

J. Maldonado, M. Nuño, P. Weidinger, E. Bernabéu; Protección y eficiencia de aerogeneradores de energía 

dotados con compensadores de carga eléctrica; Eólica, Energética XXI 214, Mar22; pp. 56-58 

  

D. Mirian, R. Kumme, R. Tutsch: First steps toward leveraging artificial intelligence for precise 

characterisation of force transducers; 24th Conference on the Measurement of Force, Mass and Torque 2022, 

DOI: 10.21014/tc3-2022.075 

 

R. Oliveira, P. Weidinger, Z. Song; Nacelle efficiency performed on test benches – the metrological 

traceability for the input mechanical power; Brazil Windpower Congress, 03. – 05.11.2021 in São Paulo 

Expo - São Paulo, ISBN: 978-65-00-48054-2 

 

D. Röske: A visual tool for generating digital calibration certificates (DCCs) in Excel; Measurement: 

Sensors, Volume 18, 2021, 100175, ISSN 2665-9174, DOI: 10.1016/j.measen.2021.100175. 

 

D. Röske; Enhanced methods for calculating uncertainty envelope functions for force ranges; 24th 

Conference on the Measurement of Force, Mass and Torque 2022, DOI: 10.21014/tc3-2022.051 

 

J. Sander, R. Kumme, F. Tegtmeier: Creep correction method for force applications; 24th Conference on the 

Measurement of Force, Mass and Torque 2022, DOI: 10.21014/tc3-2022.082 

 

C. Schlegel; On the behaviour of setting-type torque screwdrivers; 24th Conference on the Measurement of 

Force, Mass and Torque 2022, DOI: 10.21014/tc3-2022.031 

 

S. Schönhals, L. Doering, B. Gloger, S. Hackel, F. Härtig, D. Hutzschenreuter, J. Jagieniak, T. Krah, J. 

Loewe, T. Schrader, G. Söylev Öktem; Recent advances of the long-term available DCC schema version 3; 

IMEKO TC6 M4Dconf 2022, DOI: 10.21014/tc6-2022.033. 

 

G. Söylev Öktem, S. Hackel, F. Härtig, J. Loewe, B. Gloger, J. Jagieniak; Digital schemaX and the future of 

the digital calibration certificate; IMEKO TC6 M4Dconf 2022, DOI: 10.21014/tc6-2022.028. 

 

Z. Song, P. Weidinger, R. Kumme; Accurate rotational speed measurement for determining the mechanical 

power and efficiency of electrical machines; 2021 24th International Conference on Electrical Machines and 

https://doi.org/10.1016/j.measen.2021.100175


Systems (ICEMS), 31.10. – 03.11.2021 in Gyeongju, Korea, Republic of, DOI: 

10.23919/ICEMS52562.2021.9634265 

  

Z. Song, P. Weidinger, L. Vavrečka, M. Heller, J. Fidelus, R. Oliveira, M. Zweiffel, T. Kananen; Report 

describing the requirements of tachometers such as the evaluation of existing tachometer measuring 

principles and their capabilities, and the procedure developed to calibrate tachometers with an uncertainty of 

0.01 %; Zenodo [online only], DOI: 10.5281/zenodo.5747105 

 

Z. Song, P. Weidinger, N. Yogal, R. S. Oliveira, C. Lehrmann, R. Kumme; Applicability of torque calibration 

on test benches for electrical machines; 24th Conference on the Measurement of Force, Mass and Torque 

2022, DOI: 10.21014/tc3-2022.068 

 

Z. Song, P. Weidinger, H. Zhang, M. Heller, R. Oliveira, R. Kumme; Metrological characterisation of 

rotational speed measurement using an inclinometer in a nacelle test bench; Sensoren und Messsysteme 

2022, 10. – 11.05.2022 in Nürnberg, Germany, ISBN 978-3-8007-5835-7, pp. 165-168 

 

P. Weidinger, Z. Song, R. Oliveira, N. Yogal, A. Dubowik, C. Lehrmann, C. Mester, M. Heller, H. Zhang, M. 

Zweiffel, J. Quintanilla Crespo, C. Carricas, J. Hällström; Summary report describing the schedules for the 

three measurement campaigns to determine the efficiency of nacelles and their components on test benches 

with a target uncertainty of 1 % including pre-tests, measuring devices, and transfer standard specifications 

and their installation conditions (1.0); Zenodo [online only], DOI: 10.5281/zenodo.7043161 

 

P. Weidinger, Z. Song, M. Heller, H. Zhang, K. Eustorgi; Metrological evaluation of torque measurement up 

to 5 MN m under rotation in a 10 MW nacelle test bench; Sensoren und Messsysteme 2022, 10. – 11.05.2022 

in Nürnberg, Germany, ISBN 978-3-8007-5835-7, pp. 59-62 

 

N. Yogal, C. Lehrmann, Z. Song, P. Weidinger, R. Kumme, R. Oliveira: Efficiency measurement with a focus 

on the influence of rotation and temperature on torque measurements performed on small-scale test benches; 

24th Conference on the Measurement of Force, Mass and Torque 2022, DOI: 10.21014/tc3-2022.083 

 

N. Yogal, C. Lehrmann, H. Zhang, P. Weidinger, R. Kumme; Review of efficiency measurement standards 

for wind turbines on nacelle test benches: based on small-scale test benches for electrical machines; 2021 

24th International Conference on Electrical Machines and Systems (ICEMS), 31.10. – 03.11.2021 in 

Gyeongju, Korea, Republic of, DOI: 10.23919/ICEMS52562.2021.9634389 

 

M. Zweiffel, J. Quintanilla Crespo, L. Vavrečka, M. Saenz- Nuño, N. Eich, H. Zhang, J. Fidelus, R. Oliveira, 

C. Mester, C. Lehrmann, Z. Song, N. Yogal, J. Teigelkötter, E. Bernabeu, T. Kananen, P. Weidinger; 

Summary report describing current state-of-the-art developments on efficiency determination methods for 

wind turbines and nacelles in the field and on test benches respectively, their traceability, and general 

methods for direct and indirect efficiency determination; Zenodo [online only], DOI: 

10.5281/zenodo.4733780 

 

O. Baer, C. Giusca, R. Kumme, A. Prato, J. Sander, D. Mirian, F. Hauschild: Digital Twin Concept for 

Force Metrology Services; IMEKO TC6 M4Dconf 2022, DOI: 10.21014/tc6-2022.032 

 

C. Giusca, O. Baer, C. G. Izquierdo, S. M. González, A. Prato; Validation report for the digital twin 

software, considering requirements of digitisation and industry 4.0, for static continuous and dynamic force 

transfer standards including measurement uncertainty determination: Zenodo; 08.12.2022; DOI: 

10.5281/zenodo.7404128 

 

A. Knott, J. Sander, F. L. Tegtmeier, R. Kumme, R. S. Oliveira, M. Hiti, A. Prato, L. Vavrecka, J. Fidelus, J. 

Korhonen, H. Dizdar, B. Aydemir, A. Germak; Calibraion procedure for testing machines to extend the 

traceability chain from static to continuous forces which can be used for forces in the range of 1 N to 1 MN: 

Zenodo; 27.02.2023; DOI: 10.5281/zenodo.7680252 

 



J. Sander, R. Kumme, F. L. Tegtmeier, A. Knott, A. Prato, A. Germak, R. S. Oliveira, M. Hiti,, H. Dizdar, B. 

Aydemir, L. Vavrecka, J. Korhonen: Guidelines detailing recommendations and standards for force 

calibration of testing machines under continuous applications taking into account parasitic influences from 

multi-component forces and temperature effects; Zenodo; 28.02.2023; DOI: 10.5281/zenodo.7684089 

 

J. Sander, D. Mirian, F. Hauschild, R. Kumme, A. Prato, M. Wozniak, M. Hiti, G. Izquierdo, M. Carmen, A. 

Germak, J. Korhonen, H. Dizdar, B. Aydemir, R. S. Oliveira, L. Vavrecka: Validation report which details 

the advanced models developed to describe a) static and continuous and b) dynamic force transfer standards 

taking into account sensitivity stability, temperature and other parasitic influences on the measurement 

uncertainty (target uncertainty is 1 % up to 100 Hz and 2 % between 100 - 1000 Hz); Zenodo; 30.09.2022; 

DOI: 10.5281/zenodo.7113187 

 

 

Density 

A. Malengo, D. Eppers, U. Y. Akcadag, A. Furtado, M. Schiebl, C. Vamossy, J. Bebic, M. Milutinovic and W. 

Jintao: EURAMET Key Comparison EURAMET.M.D-K4.2020: Hydrometer calibration comparison from 

600 kg/³ to 2000 kg/m³, Metrologia 59 (2022) 07005. 

 

 

Flow 

M. Kühn et al.  Laseroptische Temperaturmessung in Flüssigkeiten mittels gefilterter Brillouin-Streuung, 

Experimentelle Strömungsmechanik - 29. Fachtagung, 6.-8. September 2022, Ilmenau: (2022), 2-1 - 2-8, 

ISBN 978-3-9816764-8-8 

Martin Straka, Andreas Weissenbrunner, Christian Koglin, Christian Höhne and Sonja Schmelter, 

Simulation uncertainty for a virtual ultrasonic flow meter, Metrology: 2 (2022), 3, 335 – 359, 

https://doi.org/10.3390/metrology2030021 

S. Baack, Thermal energy measurements in liquids - Heat and cooling meters in legal metrology, OIML 

BULLETIN: LXII (2021), 2, 12 – 42, 

https://www.oiml.org/en/publications/bulletin/pdf/oiml_bulletin_april_2021.pdf 

E. Frahm, E.: Ringvergleich Flüssigkeiten Durchflussbereiche: 0,08 m³/h … 1,20 m³/h 0,90 m³/h … 9,00 

m³/h 60,00 m³/h … 600,00 m³/h Juni 2017 bis Dezember 2020: Vergleichsbericht DKD-V 11-3 (2022)  

N. Furuichi, R. Areas, C.T. Yang, S. Chun, T. Meng, I. Shinder, E. Frahm, O. Büker, Chr. Mills, B. Akselli, 

F.M. Smits :  Final report "Key comparison CCM.FF-K1.2015 - water flow: 30 m3/h ... 200 m3/h", 

Metrologia (2022) 59, 07013 

M. Huovinen, E. Frahm : EURAMET.M.FF-S13 final report. Metrologia (2022), 59, 07010  

H. Warnecke, C. Kroner, F. Ogheard, J. Bunde Kondrup, N. Christoffersen, M. Benkova, O. Büker, S. 

Haack, M. Huovinen, B. Unsal, B.: New metrological capabilities for measurements of dynamic liquid flows. 

Metrologia (2022), vol. 59(2), https://doi.org/10.1088/1681-7575/ac566e 

H. Warnecke, C. Kroner, D. Schumann, J. Tränckner, J.: Generation, validation and application of dynamic 

load profiles in flow measurement using cavitating Herschel-Venturi nozzles. Flow Meas. Instrm. (2021), 

vol. 82, 102068 

Li, M., Mickan, B., Li, C., Ren, J., Wu, Y., & Xu, M.: The comparison of the gas flow primary standard 

facilities at high pressure. In 19. International Flow Measurement Conference (FLOMEKO), Virtual 

Conference and Chongqing, 1-4 November 2022, China 

https://doi.org/10.3390/metrology2030021
https://www.oiml.org/en/publications/bulletin/pdf/oiml_bulletin_april_2021.pdf
https://oar.ptb.de/files/download/62a81fc6c1160000b9007edf
https://oar.ptb.de/files/download/62a81fc6c1160000b9007edf
https://iopscience.iop.org/article/10.1088/0026-1394/59/1A/07013
https://iopscience.iop.org/article/10.1088/0026-1394/59/1A/07010
https://iopscience.iop.org/article/10.1088/1681-7575/ac566e


Li, M., Mickan, B., Li, C., Ren, J., Wu, Y., & Xu, M.:  The comparison of the gas flow secondary standard 

facilities at high pressure. 19. International Flow Measurement Conference (FLOMEKO), Virtual 

Conference and Chongqing, 1-4 November 2022, China 

Mickan, B., Böckler, H.-B., Schumann, D., & Grinten, J. van der: Transferability of calibration results 

obtained with conventional gases for application with hydrogen. 19. International Flow Measurement 

Conference (FLOMEKO), Virtual Conference and Chongqing, 1-4 November 2022, China 

Mickan, B.and Böckler, H.-B.:  PTB research activities in flow measurement for carbon neutrality. APMP-

TCFF workshop on Flow Measurement Research for Carbon Neutrality (Net-Zero CO2), Virtual 

Conference, 14 June 2022 

Grinten, J., Mickan, B., Riezebos, H., & Putten, D.: Gas flow traceability for non-conventional and 

renewable gases. 39th North Sea Flow Measurement Workshop, Tønsberg, 26-29 October 2021, Norway 

Wright, J., Kang, W., Johnson, A., Khromchenko, V., Moldover, M., Zhang, L., & Mickan, B.: Thermal 

boundary layers in critical flow venturis. Flow Measurement and Instrumentation, 81 (2021), Article 102025. 

https://doi.org/10.1016/j.flowmeasinst.2021.102025 

Klauenberg, K., Elster, C., Martens, S., Mickan, B., Yardin, C., & Fischer, N.: Uncertainty evaluation for 

sonic nozzle calibration. Examples of Measurement Uncertainty Evaluation (EMUE) 2021, Virtual 

Conference, 22.-23. March 2021 

Mickan, B.: Discharge coefficients of CFVN predicted for high Reynolds numbers based on low-Re-

calibration. Flow Measurement and Instrumentation, 78 (2021), Article 101758. 

https://doi.org/10.1016/j.flowmeasinst.2020.101758 

Chiang, Chun-Lin, et al.: Comparison of primary gas flow standard spanning the range from 2 mL/min to 10 

L/min. Metrologia, vol. 59, no. 1A, Tech. Suppl., 2022, 1-54, https://doi.org/10.1088/0026-

1394/59/1A/07012. 

Schley, P., Nguyen, T.-T.-G., Span, R., Hielscher, A., Kleppek, G., Grinten, J. van der, Schmidt, R., Sarge, S. 

M.: Calculation of compression factors and gas law deviation factors using the modified SGERG-Equation 

SGERG-mod-H2. Bonn: DVGW, Deutscher Verein des Gas- und Wasserfaches e.V., 2021. Technical 

Report: PK 1-5-3, https://www.dvgw.de/medien/dvgw/gas/infrastruktur/dvgw-pk-1-5-3-forschungsbericht-

sgerg88-mod-h2-eng.pdf. 

Grinten, J. van der, Schley, P., Nguyen, T.-T.-G., Span, R., Hielscher, A., Schmidt, R., Sarge, S. M.: SGERG-

mod-H2 the revitalised SGERG88 equation of state for hydrogen-enriched natural gases. Gas Analysis 

Symposium GAS2022, 17-20 May 2022, Paris. 

Steeb, M., Riedel, S., Sarge, S. M., Tegethoff, W., Köhler, J.: Thermal investigation of battery heat production 

and aging using an isoperibolic calorimeter. 24. Kalorimetrietage, 26-28 Mai 2021, Virtual Conference. 

Perez-Sanz, F. J. and Sarge, S. M.: Advancements in the development of the isothermal gas calorimeter 

based on Alexandrov's principle. Thermal Science and Engineering Progress, vol. 26, 2021, 

https://doi.org/10.1016/j.tsep.2021.101082. 

Wilhelm, P., Eggert, M., Hornig, J., Oertel, S.: High spatial and temporal resolution bistatic wind lidar. 

Applied Sciences, vol. 11, no. 16, 2021, 17 S., https://doi.org/10.3390/app11167602. 

 



Vacuum 

Karl Jousten, Matthias Bernien, Frédéric Boineau, Nenad Bundaleski, Claus Illgen, Berthold Jenninger, 

Gustav Jönsson, Janez Šetina, Orlando M.N.D. Teodoro, Martin Vičar, Electrons on a straight path: A novel 

ionisation vacuum gauge suitable as reference standard, Vacuum 189 (2021) 110239, 

https://doi.org/10.1016/j.vacuum.2021.110239 

 

M. Bernien, M. Götz, C. Illgen, D. Drung, C. Krause, T. Bock, K. Jousten, Traceable low-current 

measurements for a novel ionization gauge suitable as reference standard, Measurement: Sensors 18 (2021) 

100202, https://doi.org/10.1016/j.measen.2021.100202 

 

A. Oppermann, S. Eickelberg, J. Exner, T. Bock, M. Bernien, R. Niepraschk, W. Heeren, O. Baer, C. Brown, 

Digital transformation in metrology: Building a metrological service ecosystem, Procedia Computer Science 

200 (2022), 308-317, https://doi.org/10.1016/j.procs.2022.01.229 

 

T Rubin, I Silander, J Zakrisson, M Hao, C Forssén , P Asbahr , M Bernien , A Kussicke , K Liu , M Zelan 

and O Axner, Thermodynamic effects in a gas modulated Invar-based dual Fabry–Pérot cavity 

Refractometer, Metrologia 59 (2022) 035003, https://doi.org/10.1088/1681-7575/ac5ef9 

 

I Silander,  J Zakrisson, V S de oliveira, C. Forssén, A. Foltynowicz, T. rubin, Martin Zelan, Ove Axner, In 

situ determination of the penetration depth of mirrors in Fabry-Perot refractometers and its influence on 

assessment of refractivity and pressure, Optics Express: 30 (2022), 14, 25891 – 25906, 

https://doi.org/10.1364/OE.463285 

 

Y. Yang, K. Ma, T. Rubin, X. Feng, B. Wang, Analysis of the outgassing in an optical pressure standard, 

https://www.imeko.org, IMEKO-TC16-2022-150. 

 

S. Molto, T. Rubin, Research on piezo-electric materials to be used in pressure measurements, IMEKO 24th 

TC3, 14th TC5, 6th TC16 and 5th TC22 International Conference 11 – 13 October 2022, Cavtat-Dubrovnik, 

Croatia 

 

K. Jousten, S. Bechstein, M. Bernien,  Frédéric Boineau, N. Bundaleski, C. Illgen, B. Jenninger, J. Setina, 

R.A.S. Silva, A. Stöltzel, O.M.N.D. Teodoro, M. Wüest, Evaluation and metrological performance of a novel 

ionisation vacuum gauge suitable as reference standard, Measurement 2023, 112552, 

https://doi.org/10.1016/j.measurement.2023.112552 

 

 

Pressure 

Hashad A.S.; Sabuga W.; Ehlers S.; Bock T.: Validation of a PTB force-balanced piston gauge - primary 

pressure standard. Acta IMEKO, 10 (2021) 271-276 

Gaiser C.; Fellmuth B.; Sabuga W.: Primary gas pressure standard passes next stress test. Annalen der 

Physik (Berlin), 2200336 (2022) 1-6 

Ott O.; Sabuga W.; Konczak T.: Experimental study of piston rotation rate effect. Proc. 6th IMEKO Conf. on 

Pressure and Vacuum Measurement, Cavtat-Dubrovnik, CROATIA, 11-13 Oct. 2022 

Ehlers S.: In-situ liquid density measurement for liquid column manometry. Proc. 6th IMEKO Conf. on 

Pressure and Vacuum Measurement, Cavtat-Dubrovnik, CROATIA, 11-13 Oct. 2022 

 

https://doi.org/10.1016/j.vacuum.2021.110239
https://doi.org/10.1016/j.measen.2021.100202
https://doi.org/10.1088/1681-7575/ac5ef9
https://doi.org/10.1364/OE.463285
https://doi.org/10.1016/j.measurement.2023.112552

