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In situ and operando transmission electron microscopy (TEM) provide a unique platform for
observing materials and processes in real time and under realistic conditions. These
experiments act as physical replicas of functional systems, allowing researchers to follow
transformations and reactions with atomic-scale resolution, making TEM an ideal candidate
for integration within digital twin frameworks.

However, the full potential of TEM in this context remains underexploited due to the
fragmented and manual nature of data acquisition, instrument control, and analysis.
Experimental outputs are often stored in proprietary formats, with insufficient metadata or
standardization, which limits reproducibility and makes it difficult to integrate these data
streams into interoperable, Al-ready pipelines. Applying the FAIR principles (Findable,
Accessible, Interoperable, Reusable) is therefore essential to ensure that high-value
experimental data can effectively support the development and operation of digital twins.

At the same time, a significant bottleneck exists in the day-to-day use of TEM: routine
operations, such as alignment procedures, imaging condition optimization, and basic data
interpretation, still rely heavily on human intervention. This not only introduces variability, but
also represents an inefficient use of highly trained personnel, whose expertise is often
absorbed by repetitive tasks that could be automated. As experiment complexity grows, so
does the demand for robust automation and intelligent decision support.

In this talk, | will present our approach to transforming TEM into a data-centric, semi-
autonomous platform through the automation of both machine operation and data analysis
pipelines. This includes the development of modular control routines, standardized
workflows, and Al-assisted tools for decision making. By embedding automation into the
experimental workflow and ensuring rigorous data documentation, we move toward a new
paradigm where TEM can be seamlessly integrated into digital twin ecosystems, enabling
closed-loop experimentation, real-time model refinement, and scalable materials innovation
across both academic and industrial domains.



