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PHYSICS-INFORMED AND EXPLAINABLE Al FOR ND
DIAGNOSTICS OF ANCIENT FRESCOES

A unified framework combing Al-driven and Acoustic Impact Analysis for
NDT Defect Detection and Material Characterization

Giosué Caliano, Michele Lo Giudice, Francesca Mariani, Alessandro Salvini
University Roma Tre, DICITA, Rome, ltaly
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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.

TOP LAYER

| (CONSTRUCTION,
PANELS,
POLYMERIC LAYERS)

DEBONDED ZONE
(AIR CAVITY)

The Diagnostic is challenging due to complex material heterogeneity. Specialized expertise is required to detect the voids.
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Two Analytic Approaches for Comprehensive Diagnostics

Qualitative Analysis: Quantitative Analysis:
Use a digitized acoustic tap test combined with Use the fundamental physics of a low-velocity impact to
Artificial Intelligence to detect, classify, and map measure a key physical property: thickness.

subsurface defects.

Toanswer “Is there a defect?” and “Where is it?” Toanswer “How deep is it?”
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Bridging Physice
The PICUS Device

Sampling the acoustic response to the hit a
2048-sample waveform that contains the co
signature of the impact point.

(Developing a Contact-Less Parametric PICUS device)
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Two Acoustic Processing Pipelines

Raw Impact
Acquisition
(PICUS)

Physical
Feature
Extraction

1D-CNN
Binary

Classification

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

Raw Impact 1D-CNN
Acquisition Feature
(PICUS) | Extraction

Tranfer

M Learning

Domain Adapt.

Defect
Classification

Adhesion
Mapping

Spatial

T———k

Spatial
Adhesion
Mapping

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

TARGET O: TARGET 1:
Fully Adhered Fully Detached

Constraining the problem to two physically defined extreme states simplifies the learning process
while preserving diagnostic relevance and reducing labelling ambiguity.

Training Dataset. 4000 signals (SpecimenA) | Inference Dataset: Spatial Scan Grid (Specimen B)

Strict Cross-Campaign Scheme, exposing the model to environmental and sensor coupling
variability ensure in-situ robustness
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Standardized Vector Scaling for consistent Feature Evaluation
across Datasets

Physical Trait: I» Digital Descriptor:
Energy Dissipation RMS Amplitude, Spectral Entropy
: . Digital Descriptor: 6 = Feat ure
Physical Trait: .
Dynamic Response » Dominant Frequency,
I Spectral Centroid Ve Cto r
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1D-CNN Architecture: Feature Filtering & Pattern Recognition

INPUT: 1D Feature

Vectors
(Learn nonlinear
combinations of descriptors)

. Block 1: Feature Filtering I Block 2: Pattern Recognition
2 - ConviD ConviD
2 ey : Batch MaxPool1D Ly : Batch MaxPool1D
> (32 filters, => Normalization — (pool 4) (64 filters, =3 Normalization % (pool 4)
e . kernel 5) kernel 5)
©

] |
ReLU activation ensures stable extraction of prominent features.
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TinyML Cross-campaign Model 1D-CNN Binary Classification

Flatten Layer Dense Layer Output Layer: Single
_ Neuron with Sigmoid
8 . e . Activation
; o ° |
i v i
i .” |
i . * |
: o °
: o ¢
g o ¢
i N

Dimensionality 128 Neurons + Dropout Binary Threshold

collapse (0.5) to prevent overfitting (0.5)

Adherent (0)

Detached (1)

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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Process Step 1: Systematic Process Step 2: Apply Trained Process Step 3: Reorganize
Surface Scan (Specimen B) 1D-CNN inference per point classifier output spatially

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

A- Source Domain B- Target Domain

il R Property Target Domain (PVC)

Thickness 3mm Thickness 1mm

Density 1200 kg/m? |

Density 1400 kg/m?

Young Modulus 3.2GPa Young Modulus 2.1 GPa

Domain Adaptation: Instead of training a new model from scratch, a pre-trained network is adapted
to a new material using a significantly reduced amount of data
Training Dataset: 1600 signals (Specimen A) | Fine Tuning: 10% of Dataset from Specimen B
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Algorithm Baseline: 1D- CNN Architecture

Raw Wave: Block 1: Block 2: Block 3: Global Average Neural Softmax:
1x1024 64 Filters (Kernel 3) 128 Filters + Dropout 256 Filters + Dropout Pooling (GAP) node web Defect (1) /
No Defect (0)
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Algorithm Baseline: 1D- CNN Architecture

160 Samples

(10% of PVC Dataset)
Refresh/
Train
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Early layers learn universal acoustic features The final dense layers are unlocked and retrained.
(edges, textures, flexural wave patterns). They map the previously learned acoustic patterns
These are locked to retain the core physical to the specific physics of the new material,
understanding. requiring drastically less data to adapt.
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Performance Synthesis on Target Material (PVC)

f; — s s s — C— —
Zero-Shot < | Trained from Scratch | ~| Transfer Learning
(No Adaptation) (Random Initialization) (The Solution)
Applying the Trained purely on the Frozen feature extractor !
PMMA-trained model - 160-sample PVC subset |/ R + Fine-tuned classifier |
directly to PVC. without prior knowledge. 3| on 160 samples. [
| N
. o
88% Defect Precision 0% Defect Precision | | 99% Defect Precision /
| 98% Overall Accuracy
— A
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Spatial Mapping

PVC Test Object Map of defects of test object 2 predicted with the proposed CNlN0
0 .

o
o0

Value 1 - area with flaws

0.2

The adapted neural network successfully translates 1,600 individual acoustic waveforms into a
precise 2D spatial map



) iINGEGNERIA

ET 2026 | XL RIUNIONE ANNUALE DEI RICERCATORI DI ELETTROTECNICA | 18-19 Giugno 2026 L’Aquila

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?

We deduce a material’'s thickness by
analyzing how it responds to a gentle

impact  (impulse-like, contact or
contact-less)

1,000

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.
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Stage 1: Approach (t=0)

The sphere makes initial contact.

a(0) = 0. Tsal Approximation

Stage 2: Compression 1 (The Selected Engine)

a(t) increases with surface deformation. :

Contact force (F.) generates. Premise: A closed-form
Flexural waves propagate outwards. - : :
approximation of Zener's

Stage 3: Maximum Compression nonlinear equation.
a(t) reaches maximum value (@max)-
Relative velocity between sphere and plate hits zero. 2918 Advantage: Mathematically
Stage 4: Detachment (t= T) 7= T—zml solvable, providing explicit values
Decompression completes. The sphere rebounds, o for contact time (T ) and
detaching from the surface. thickness (h)
a(T¢) = 0. d?’c d\ 3 == _ _
7z T\1+45-)02=0 | Condition: Valid exclusively when

- Inelasticity parameter A < 1.5.
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Inverse Determination of Thickness: Modeling Dynamic Contact

Stage 1: Approach (t=0)
The sphere makes initial contact.

a(0) = 0.

= Tsal Approximation
a(t) increases with surface deformation. i

Stage 2: Compression
Contact force (F.) generates.
Flexural waves propagate outwards. |

Stage 3: Maximum Compression
a(t) reaches maximum value (@max)-
Relative velocity between sphere and plate hits zero.

3.218m, myveV1 — v2
Stage 4: Detachment (t= T,) A= T 7 h = 0.688

Decompression completes. The sphere rebounds, H Ay A vV Ep
detaching from the surface.

a(Tc) =03 dZO' (
=0

et iz

d
1+A—>a
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Experimental Validation

Exact drop:
~ Start of contact

tart of contact

e.g., 50.3 ps for
3mm Aluminum

Exact rise:

: End of contact

 Clamped plates (150 x 300 mm) of different materials
« A 10 mm hollow steel sphere dropped via an electormagnet switch
 QOscilloscope to measure exact contact
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Experimental and FEM Validation

Normalized impact force history for different A 50212

Type: Directional \}elocity(v Axis)
Unit: mm/ms

o o o
4= (o)} ©

normalized force F/Fm

o
[S)

dimensionless time T

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



o {éﬁ} ET 2026 | XL RIUNIONE ANNUALE DEI RICERCATORI DI ELETTROTECNICA | 18-19 Giugno 2026 L’Aquila

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

Material Actual Thickness Estimated Thickness Error %
Steel Plate Acfu.a': z'simm [ »+0.78%
Aluminum Type 2 Acfu?l,: 3'0.0 T +0.66%
Brass Type 2 Ac’tu-a:: 4‘»0.0 mm + — +0 : 50%
Akay’s Exp. Actual: 1.59 mm o
Acrylic/Steel +1.88%
0 1 2 3 4 5

For medium thickness plates, where the theoretical assumptions hold (1 < or = 1.5), the
Indirect mpact method consistently achieves sub 3% error rates
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Synthesis: A Unified Toolkit for Intelligent NDT

Al-Powered Analysis Physics-Based Analysis
(If & Where) = (How Thick)

Al 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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Al-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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