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Abstract: Precise measurement at the nanoscale is fundamental for advances in
nanotechnology, enabling accurate material characterization, quality assurance, and development
of nanoscale devices. This paper provides a comprehensive review of the latest developments in
nanometrology over the past five years, highlighting emerging methodologies, instrumentation
advances, and future research directions. Recent progress in computational approaches,
calibration techniques, and precision displacement measurement strategies reveals new
opportunities for enhanced measurement reliability and scalability. The analysis also identifies
persistent challenges and outlines priorities for future research to support industrial and scientific
nanotechnology applications.
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Introduction. Nanometrology, the science of measurement at the nanometer scale, is a
cornerstone of modern nanotechnology research and industrial practice. The precision demanded
by nanoscience has increased dramatically with the miniaturization of devices and materials, as
even minor measurement errors can significantly impact performance and functionality. Over the
last decade, significant advances have been made, yet only recently have new computational
methods, calibration strategies, and hybrid measurement systems begun to address longstanding
limitations in reproducibility and measurement uncertainty. Recent reviews emphasize the role
of computational and stochastic characterization methods in overcoming resolution limitations,
underscoring the evolving nature of the field.

This study synthesizes developments from 2019 to 2025, focusing on recent instrumentation
improvements, data analysis innovations, and standardization efforts that collectively shape the
future of nanometrology.

Methods. A systematic literature review was conducted to evaluate the latest trends and
advancements in nanoscale measurement technologies. Peer-reviewed journal articles, technical
reports, and published reviews from 2019 onward were surveyed using academic databases
including MDPI, Frontiers journals, and major metrology publications.

The review specifically focused on the following areas:

¢ Instrumentation and Calibration Strategies: Reviews of calibration methods for
micro/nanoflow measurement and displacement metrology techniques.

e Computational Methods: Recent computational metrology approaches addressing
resolution and stochasticity in nanostructure characterization.

e Trends in Standards and Measurement Uncertainty: Assessment of efforts to
improve measurement traceability and uncertainty quantification.

Publications were qualitatively analyzed to extract themes, innovations, and remaining gaps
in nanometrology.

Results. The recent literature reveals several significant developments in nanometrology:

Advances in Computational Metrology. Computational methods have become integral to
enhancing precision in nanoscale measurements. Recent reviews highlight challenges associated
with achieving super-resolution in microscopy imaging and analyzing stochastic nanostructures,
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emphasizing the need for advanced algorithms and mathematical tools to process complex
datasets.

Enhanced Calibration Techniques. Innovative calibration methods have been developed
to improve measurement precision for micro and nanoflow systems. Recent research shows
successful extension of calibration capabilities to extremely low flow rates with controlled
uncertainty, facilitating better traceability and repeatability for microfluidic instruments.

Precision Displacement Measurement. Displacement metrology technologies such as
laser interferometers, grating interferometers, and time grating sensors represent a growing area
of research. A comprehensive review in Sensors outlines comparative performance metrics and
the trade-offs between resolution and robustness for these systems, highlighting hybrid
architectures and application-driven requirements.

Discussion. The advancements documented in recent literature signal meaningful progress
in both theoretical and applied aspects of nanometrology.

Integration of Computational Techniques. Computational approaches are critical for
interpreting complex measurement data, particularly when resolving features at the edge of
instrument capabilities. Machine learning and statistical methods, including Bayesian inference
frameworks, offer pathways to quantify uncertainty and improve confidence in measurement
results, though experimental implementation remains ongoing.

Calibration and Traceability. Despite improvements in calibration protocols,
standardization across laboratories and instruments remains a challenge. Coordinated
international efforts to define guidelines and reference procedures are necessary to achieve
reliable cross-comparisons of nanoscale measurements.

Multimodal and Hybrid Approaches. Emerging direction points toward combining
multiple measurement techniques (e.g., interferometry with AFM/SEM) to produce rich datasets
that capture both structural and functional properties. Such integration enhances measurement
confidence, especially for heterogeneous or complex nanostructured surfaces.

Conclusion

Nanometrology continues to evolve rapidly, driven by both technological innovation and the
increasing demand for precise nanoscale measurement. Recent advances in computational
metrology, calibration techniques, and high-precision displacement measurement illustrate the
field’s trajectory toward higher accuracy, reliability, and practical applicability across science
and industry.

Future work should emphasize cross-disciplinary integration, standardization of protocols,
and development of intelligent measurement systems capable of real-time data interpretation.
Collaborative research and open validation studies will be pivotal in addressing persistent
challenges and unlocking new possibilities in nanotechnology.
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