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PHYSICS-INFORMED AND EXPLAINABLE AI FOR ND 

DIAGNOSTICS OF ANCIENT FRESCOES 

A unified framework combing AI-driven and Acoustic Impact Analysis for 
NDT Defect Detection and Material Characterization
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Two Analytical Paradigms to detect, classify, and map subsurface 
debonding defects 

Debonding, in constructions, 
cultural heritage, plastic 
materials, refers to 
separation occourring at the 
interface within a bonded 
structure composed of two 
or more layers.

The Diagnostic is challenging due to complex material heterogeneity. Specialized expertise is required to detect the voids.
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Qualitative Analysis:

Useadigitized acoustic tap test combined with 
Artificial Intelligence to detect, classify, and map 
subsurface defects.

 

Quantitative Analysis:

Use the fundamental physics of a low-velocity impact to 
measure a key physical property: thickness.

Toanswer “Is there a defect?” and “Where is it?” To answer “How deep is it?”

Two Analytic Approaches for Comprehensive Diagnostics
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Bridging Physical to Digital: 
The PICUS Device
Sampling the acoustic response to the hit at 50 kHz, capturing a
2048-sample waveform that contains the complete acoustic
signature of the impact point.

(Developing a Contact-Less Parametric PICUS device)

IR Camera
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Two Acoustic Processing Pipelines

1D-CNN 
Feature 
Extraction

Tranfer 
Learning 
Domain Adapt.

Defect
Classification

Temporal and spectral descriptors  to train a lightweight 1D-CNN TINY-ML

Use of TL to fine-tune the pre-trained model with minimal data from a second
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Constraining classification for a lightweight 1D CNN –Tiny ML

Constraining theproblemtotwophysically defined extremestates simplifies thelearningprocess
whilepreservingdiagnostic relevanceandreducinglabellingambiguity.

TrainingDataset. 4000signals (SpecimenA) |Inference Dataset: SpatialScanGrid(Specimen B)

Strict Cross-Campaign Scheme, exposing the model to environmental and sensor coupling
variability ensure in-siturobustness
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Standardized Vector Scaling for consistent Feature Evaluation 
across Datasets
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1D-CNN Architecture: Feature Filtering & Pattern Recognition
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TinyML Cross-campaign Model 1D-CNN Binary Classification

PERFORMANCE &
GENERALIZATION

0.83 OVERALL ACCURACY
Balanced F1-scores across both 

classes 
F1-scores: 0.810 for the "adherent" 

condition and 0.819 for the 
"detached" condition
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From Point-Wise Data to Spatial Diagnostic Maps

Produces a discrete representation of adhesion conditions, supporting operational
interpretation in conservation workflows.
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Overcoming Material Variability with Transfer Learning

DomainAdaptation: Instead oftraininganewmodel fromscratch,apre-trainednetwork isadapted
toanewmaterialusingasignificantly reducedamountofdata

TrainingDataset: 1600signals (Specimen A) |FineTuning:10%of Dataset fromSpecimen B

A- B- 
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Algorithm Baseline: 1D- CNN Architecture
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Algorithm Baseline: 1D- CNN Architecture
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Performance Synthesis on Target Material (PVC)
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Spatial Mapping

The adapted neural network successfully translates 1,600 individual acoustic waveforms into a
precise2Dspatial map

PVC Test Object
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The Quantitative Challenge: Measuring Thickness from a Single Side
How to accurately measure the thickness of a plate, tank wall, or other
structure when you only have access to the outside? 

Avoids expensive or complex instrumentation like ultrasonic gauges.

Can be performed quickly in the field without extensive setup.

Safe: Relies on a simple physical effect (low-velocity impact)
and can be used in potentially hazardous environments.

We deduce a material’s thickness by 

analyzing how it responds to a gentle 

impact (impulse-like, contact or 

contact-less)
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Inverse Determination of Thickness: Modeling Dynamic Contact
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Experimental Validation

• Clamped plates (150 x 300 mm)  of different materials

• A 10 mm hollow steel sphere dropped via an electormagnet switch

• Oscilloscope to measure exact contact
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Experimental and FEM Validation

Explicit Dynamics FE modeled the impact dynamics and predicted contact time, confirming the

theoretical framework.
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Empirical Results: High-Precision Evaluation (<3% Error)

For medium thickness plates, where the theoretical assumptions hold (𝜆 < or = 1.5), the 

indirect mpact method consistently achieves sub 3% error rates
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Synthesis: A Unified Toolkit for Intelligent NDT

AI and physics approaches integrated into a single diagnostic framework, toward portable, intelligent 
and explainable NDT systems for Cultural Heritage and Engineering Structures
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AI-Powered Qualitative Defect Detection results available in:

Lo Giudice M. ; Mariani F. ; Caliano G.; Salvini A. Deep Learning for the Detection and Classification of Adhesion Defects in Antique 
Plaster Layers. Journal of Cultural Heritage, vol. 69, pp. 78-85,  September-October 2024, http://doi.org/10.2139/ssrn.4806705

Lo Giudice, M.; Mariani, F.; Caliano, G.; Salvini, A. Enhancing Defect Detection on Surfaces Using Transfer Learning and Acoustic 
Non-Destructive Testing. Information 2025, 16, 516. https://doi.org/10.3390/info16070516

Mariani, F.; Lo Giudice, M.; Salvini, A.; Borghini S.; Caliano, G.; Detachments detection at the ‘Grand Stairway’ in the Room 38 of 
the Domus Aurea using the PICUS system. Journal of Cultural Heritage, vol. 77, pp. 81-86, 2026 
https://doi.org/10.1016/j.culher.2025.11.002

Zauli M.; Zonzini F.; Laaraj Y.; Mariani F.; Caliano G.; De Marchi L. Uncovering Invisible Delaminations: A MEMS Sensor Suite and
Spectral-Subtraction Pipeline for Multilayer Diagnostics. European Workshop for Structural Health Monitoring, Toulouse, July 2026

Mariani, F.; Lo Giudice, M.; Salvini, A.; Caliano, G.; Feature-Enhanced Classification and Tranfer Learning for Acoustic Defect
Detection in Historical Plasters. European Workshop for Structural Health Monitoring, Toulouse, July 2026

Physics-Based Quantitative Measurement results in:

Caliano G.; Mariani F. ; Lo Giudice M. ; Salvini A. The Measurement of the Impact Time to Evaluate the Plate-Thickness. Preprint 
November 2025 DOI: 10.20944/preprints202511.0633.v1

https://doi.org/10.20944/preprints202511.0633.v1?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
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Thank You for your Attention
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