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Che cosa sono le fibre ottiche

Materiale principale
Diossido di silicio (SiO2)

𝑛 =
𝑐

𝑣

Indice di rifrazione

Diossido di germanio (GeO2)
Allumina (Al2O3)
Anidride fosforica (P2O5)

Fluorine-based dopants (F)

Agenti dopanti

𝑛 ↓𝑛

↓
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Fibre ottiche: struttura e dimensioni

250 𝜇𝑚 125 𝜇𝑚 8 𝜇𝑚

60 − 100 𝜇𝑚Capello umano
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Fibre ottiche: perdite

G. P. Agrawal, Nonlinear fiber optics, Fifth edition. Amsterdam: Elsevier/Academic Press, 2013.

𝑃𝑇 = 𝑃0𝑒−𝛼𝐿

𝛼𝑑𝐵 = −
10

𝐿
log10

𝑃𝑇

𝑃0
= 4.343𝛼
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Fibre ottiche: parametri di progetto

G. P. Agrawal, Nonlinear fiber optics, Fifth edition. Amsterdam: Elsevier/Academic Press, 2013.

∆ =
𝑛1 − 𝑛𝑐

𝑛1

𝑉 = 𝑘0𝑎 𝑛1
2 − 𝑛𝑐

2 ;  𝑘0 =
2𝜋

𝜆

Relative core–cladding index difference

V parameter

𝑉 < 2.405 ⟹ single-mode fiber

NA
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Tipologie fibre ottiche

Graded index fibers

Single-mode fibers

Multi-mode fibers

Multi-core fibers

Single-core fibers
Step index fibers

Photonic Crystal Fibers

Hollow-core fibers

Polarization-maintaining fibers
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Classificazione fibre ottiche nell’ambito delle misure

Single Point Sensors

Interrogator

Interferometric

Fabry-Perot
Mach-Zender

Michelson
Sagnac

Grating-based

Fibre Bragg Grating (FBG)
Tilted FBG

Chirped FBG
Long-Period Gratings Falcetelli, F.; Martini, A.; Di Sante, R.; Troncossi, M. Strain Modal Testing with Fiber Bragg Gratings for 

Automotive Applications. Sensors 2022, 22, 946. https://doi.org/10.3390/s22030946

𝜆𝐵 = 2𝑛𝑒Λ

∆𝜆𝐵

𝜆𝐵
= 1 − 𝜌𝑒 𝜀

∆𝜆𝐵

𝜆𝐵
= 𝛼 +

1

𝑛𝑒𝑓𝑓

𝜕𝑛𝑒𝑓𝑓

𝜕𝑇
Δ𝑇
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Classificazione fibre ottiche nell’ambito delle misure

Multiplexing

Single Point Sensors

Interrogator

Interferometric

Fabry-Perot
Mach-Zender

Michelson
Sagnac

Grating-based

Fibre Bragg Grating (FBG)
Tilted FBG

Chirped FBG
Long-Period Gratings

Quasi-Distributed Sensors

Interrogator
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Classificazione fibre ottiche nell’ambito delle misure

Scattering Phenomena

Rayleigh

Raman Raman

Brillouin Brillouin 

Anti-StokesStokes

B
ac

ks
ca

tt
er

in
g 

In
te

n
si

ty

Wavelength

Distributed Sensors

Interrogator
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Strain Transfer: Introduzione

Che cosa stiamo misurando?

Structure
x

σ𝑠 + dσ𝑠

τ𝑡

σ𝑠

τ𝑖𝑐

Cable Jacket  

Tight Tubing 

Outer Coating 

Inner Coating

Optical Fiber σ𝑓 + dσ𝑓σ𝑓

Adhesive 

τ𝑎

τ𝑓

τ𝑜𝑐

τ𝑖𝑐

τ𝑗h

t

𝑟𝑗

𝑟𝑡

𝑟𝑜𝑐
𝑟𝑖𝑐

𝑟𝑓𝛼

w
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Strain transfer: modello matematico

𝑘 =
π − 2α

π𝑟𝑓
2𝐸𝑓

1
𝐺𝑎

ln
𝑡𝑎
𝑟𝑗

+
1
𝐺𝑗

ln
𝑟𝑗

𝑟𝑡
+

1
𝐺𝑡

ln
𝑟𝑡
𝑟𝑐

+
1

𝐺𝑜𝑐
ln

𝑟𝑜𝑐
𝑟𝑖𝑐

+
1

𝐺𝑖𝑐
ln

𝑟𝑖𝑐
𝑟𝑓

𝑑2ε𝑓

𝑑𝑥2 − 𝑘2ε𝑓 = −𝑘2ε𝑠

ε𝑓 𝑥 = 𝐶1𝑒−𝑘𝑥 + 𝐶2𝑒𝑘𝑥 + ε𝑠

ε𝑓 𝑥 = ε𝑠 1 + 𝑝 − 1
cosh 𝑘𝑥

cosh 𝑘𝐿

ε𝑓 ±𝐿 = 𝑝ε𝑠
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Strain transfer: case study

500 μm 500 μm
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Strain transfer: modello numerico
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Strain transfer: setup sperimentale
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Strain transfer: risultati

11Li et al. Strain transferring analysis
of fiber Bragg grating sensors. Opt.
Eng., 2006.
19Her et al. Effect of coating on the
strain transfer of optical fiber
sensors. Sensors, 2011

Falcetelli, F.; Rossi, L.; Di Sante, R.; 
Bolognini, G. Strain Transfer in 
Surface-Bonded Optical Fiber 
Sensors. Sensors 2020, 20, 3100. 
https://doi.org/10.3390/s20113100



18

Structural Health Monitoring

Hamza Boukabache, Christophe Escriba and Jean-Yves Fourniols, “Toward Smart Aerospace Structures: Design of a Piezoelectric Sensor and Its Analog Interface 
for Flaw Detection,” Sensors, vol. 14, p. 20543-20561, 2014
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Crack detection in materiali compositi

Detectability band

Residual strength

Time

Desing strength

Critical damage size

Initial strength
Potential failure

1

2
𝑆. 𝐿.

Inspection & Repair

Safe Life (S.L.)

Safety margin
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Probability of Detection

MIL-HDBK-1823A, Department of Defense: Non-Destructive Evaluation (NDE) System, Reliability Assessment
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Crack detection in materiali compositi
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Crack detection in materiali compositi

…

Load

P

80% P

Time
500 cycles

…

Camera & DOFS
Sync. Data Acquisition

8% P



23

Crack detection in materiali compositi
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Crack detection in materiali compositi

Falcetelli et al. Qualification of distributed optical fiber sensors using probability of detection curves for delamination in composite laminates. Structural Health Monitoring, 2022.

Static Testing Static Testing Fatigue Testing

Optical Fiber Step Index Single Mode Graded Index Multi-Mode Step Index Single-Mode

Coating ORMOCER® Dual acrylate ORMOCER®

Number of samples (n) 13 6 9

a90 4.93 mm 13.03 mm 5.88 mm

a90/95 5.56 mm 18.56 mm 7.82 mm

Δ = a90/95 - a90 0.63 mm 5.53 mm 1.94 mm



25

Rilevamento di forma con sensori in fibra ottica

Single-core fiber bundles Multicore OFSs

Ma, X.; Sun, Z.; Luo, H.; Li, X. A Novel Fiber Optic Sensor 
for Microparticle Velocity Measurement Using Multicore 
Fiber. Appl. Sci. 2020, 10, 4829. 
https://doi.org/10.3390/app10144829
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Applicazioni per single-core fiber bundles

Single-core fiber bundles
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Applicazioni per fibre multicore

Multicore OFSs

Ma, X.; Sun, Z.; Luo, H.; Li, X. A Novel Fiber Optic Sensor 
for Microparticle Velocity Measurement Using Multicore 
Fiber. Appl. Sci. 2020, 10, 4829. 
https://doi.org/10.3390/app10144829

Kim, Sangbae et al., Soft robotics:
a bioinspired evolution in robotics
Trends in Biotechnology, Volume
31, Issue 5, 287 - 294

Ignazio Floris, Jose M. Adam, Pedro A. Calderón, 
Salvador Sales, Fiber Optic Shape Sensors: A 
comprehensive review, Optics and Lasers in 
Engineering, Volume 139, 2021, 106508, 
https://doi.org/10.1016/j.optlaseng.2020.106508
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Teoria del rilevamento di forma: calcolo di curvatura e angolo di flessione

𝜀 𝑥, 𝑦 = 𝜀𝑙𝑜𝑛𝑔 + 𝜅𝑥𝑥 + 𝜅𝑦𝑦

𝑆𝑆𝐸 = ෍

𝑖=1

𝑛

𝜀𝑖 − 𝜀𝑙𝑜𝑛𝑔 − 𝜅𝑥𝑥 − 𝜅𝑦𝑦
2

∇𝑆𝐸𝐸 𝜀𝑙𝑜𝑛𝑔, 𝜅𝑥, 𝜅𝑦 = 0

𝜅 = 𝜅𝑥
2 + 𝜅𝑦

2

𝛼 = 𝑎𝑛𝑔𝑙𝑒(𝜿)
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Teoria del rilevamento di forma: equazioni di Frenet-Serret

𝒓 𝑠 = 𝑥 𝑠 𝒊 + 𝑦 𝑠 𝒋 + z 𝑠 𝒌

𝜏 𝑠 =
𝑑𝛼

𝑑𝑠

Equazioni di Frenet-Serret

𝑻′ 𝑠

𝑵′ 𝑠

𝑩′ 𝑠

=
0 𝜅 𝑠 0

−𝜅 𝑠 0 𝜏 𝑠
0 −𝜏 𝑠 0

𝑻 𝑠
𝑵 𝑠
𝑩 𝑠

𝒓 𝑠 = න 𝑻 𝑠 ds + 𝒓𝟎

𝐫𝟎
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Teoria del rilevamento di forma: flowchart

Measure strain at ith

fiber section
Compute 𝜅, 𝛼 at ith

fiber section

3D Shape

Integrating Frenet–Serret formulas

𝑖 = 𝑖 + 1

𝒊 = 𝟎, … , 𝒏
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Test sperimentali preliminari: schema cavo
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Ricostruzione di un cerchio in un piano
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Tuning della distanza delle fibre dal centro del cavo

rf = 1.1 mm

rf = 1.2 mm
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Sorgenti di incertezza
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Simulazione Monte Carlo

Select 𝜅, 𝛼 at each 
fiber section

Compute strain at 
each fiber section

Compute 𝜅, 𝛼 at at
each fiber section

Add uncertainty 
source

Compute 3D shape

Compute 3D shape

Comparison Comparison
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Effetto dell’errore di misura
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Effetto della posizione dei cores
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Propagazione incertezza nella curva 3D

x [m]
x [m]

y [m]
y [m]

z [m]
z [m]
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Core failure: effetto sulla curvatura (4 cores)
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Core failure: effetto su angolo di flessione (4 cores)
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Core failure: effetto sulla curvatura (5 cores)
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Core failure: effetto su angolo di flessione (5 cores)
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Core failure: effetto sulla curva 3D

Curve Length [m]

Right-handed helix
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Sviluppi futuri

1. Studio intrusività fibre ottiche in materiali compositi

2. Monitoraggio strutturale per lo storage di idrogeno in pressione

3. Sviluppo nuovi algoritmi per shape sensing con AI

N. Chandarana, D. 
Sanchez, C. Soutis, and M. 
Gresil, “Early Damage 
Detection in Composites 
during Fabrication and 
Mechanical Testing,” 
Materials, vol. 10, no. 7, p. 
685, Jun. 2017, doi: 
10.3390/ma10070685.

Rivard, E.; Trudeau, M.; Zaghib, K. 
Hydrogen Storage for Mobility: A 
Review. Materials 2019, 12, 1973. 
https://doi.org/10.3390/ma12121
973
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