
 

 

 

PROCEEDINGS 
 

Latin American Workshop on Optical Fiber 
Sensors 
17 – 19 July 2019 – Rio de Janeiro, Brazil 

 

 

Editors: 

 José Luís Fabris (UTFPR) 

 Maria Aparecida Gonçalves Martinez (CEFET/RJ) 

 Maria Thereza Miranda Rocco Giraldi (IME) 

ISBN 978-85-92987-02-2 

2019 



PROCEEDINGS 

Latin American Workshop on Optical Fiber 
Sensors – 2019 

Editors: 

  José Luís Fabris (UTFPR) 

Maria Aparecida Gonçalves Martinez (CEFET/RJ) 

Maria Thereza Miranda Rocco Giraldi (IME) 

SBMO, São Caetano do Sul ‐ Brazil 

2019 



Proceedings  

Latin American Workshop on Optical Fiber Sensors – 2019 

Copyright Sociedade Brasileira de Micro-ondas e Optoeletrônica. Abstracting is 
permitted with credit to the source. Downloading, copying, reprinting or reproduction 
for personal use is permitted with proper credit to the authors and publisher. Other 
requests should be addressed to Sociedade Brasileira de Micro-ondas e Optoeletrônica, 
Praça Mauá 1, 09580-900 São Caetano do Sul, Brazil; e-mail: sbmo@sbmo.org.br 

Dados internacionais de Catalogação na Publicação 

Ficha catalográfica elaborada pela Biblioteca Central do CEFET/RJ 

Elaborada pela bibliotecária Mariana Oliveira CRB-7/5929 

L357    Latin America Workshop on Optical Fiber Sensors (2. : 2019 : São 
Caetano do Sul, SP) 

Proceedings of Latin America Workshop on Optical Fiber Sensors, 
SBMO, Brazil, July 17-19 2019 / editors: José Luís Fabris, Maria 
Aparecida Gonçalves Martinez, Maria Thereza Miranda Rocco 
Giraldi. – 2nd ed. – São Caetano do Sul, SP : SBMO, 2019.       
153p. : il. (algumas color.) , grafs. , tabs. 

ISBN: 978-85-92987-02-2 
Inclui bibliografias. 

1. Detectores ópticos. 2. Microondas. 3. Engenharia eletrônica. I.
Fabris, José Luís (Ed.). II. Martinez, Maria Aparecida Gonçalves (Ed.). III. 
Giraldi, Maria Thereza Miranda Rocco (Ed.). IV. Sociedade Brasileira de 
Micro-ondas e Optoeletrônica. V. Título. 

CDD 621.381542 

mailto:sbmo@sbmo.org.br


Steering Committee  

Conference Chair 
Prof. Maria Thereza Rocco Giraldi  Instituto Militar de Engenharia, Brazil 

Conference Co-Chair 
Prof. Maria Aparecida Martinez  CEFET-RJ, Brazil 

Members 
Prof. Andrés Pablo López Barbero  Universidade Federal Fluminense, Brazil 
Prof. Arthur Braga   Pontifical Catholic University of Rio de Janeiro, Brazil 
Prof. Juan Hernandez-Cordero  UNAM, Mexico 
Dr.  Alexis Mendez   MCH Engineering, LLC, USA 
Prof. Ricardo Olivares   Universidad Tecnica Federico Santa María, Chile 
Prof. Pedro Torres   Universidad Nacional de Colombia – Medellin 

 

Local Organizing Committee  

Members 
Prof. Maria Aparecida Martinez  CEFET-RJ, Brazil   
Prof. Maria Thereza Rocco Giraldi   Instituto Militar de Engenharia, Brazil 
Prof. Carolina V S Borges    CEFET-RJ, Brazil   
Prof. Hypolito José Kalinowski   Universidade Federal Fluminense, Brazil   
 

 

Technical Program Committee 
Prof. José Fabris      Federal University of Technology – Parana – TPC Chair 

Dr. Alexandre Bessa    Universidade Federal de Juiz de Fora 
Prof. Jean Carlos Cardozo da Silva   Federal University of Technology – Paraná 
Dr. Cristiano Cordeiro    State University of Campinas, UNICAMP 
Prof. Eduardo Fontana    Universidade Federal de Pernambuco 
Prof. Marcos Franco    Instituto de Estudos Avançados, CTA 
Prof. Ricardo Kamikawachi   Federal University of Technology – Paraná 
Prof. Marcia Muller    Federal University of Technology – Paraná 
Prof. Aleksander Paterno -   Santa Catarina State University 
Prof. Maria José Pontes -    Universidade Federal do Espírito Santo 
Prof. Josemir Santos -    University of Sao Paulo 
Prof. Vinicius Nunes Henrique Silva Universidade Federal Fluminense 
Dr. Marcelo Soto -    Universidad Técnica Federico Santa María 
Dr. Luiz Carlos Guedes Valente   Ouro Negro AS 
Dr. Gloria Margarita Varón Durán -  Universidad Nacional de Colombia 
Prof. Marcelo Werneck ‐    COPPE, Universidade Federal do Rio de Janeiro 
Prof. Joao Weyl Costa -    Universidade Federal do Pará - UFPA 



Realization 

 

 

 

Sponsor 

 

 

Financial Support 

                          



 

FOREWORD 

 

The success attained by the 24th International Conference on Optical Fiber 
Sensors - OFS24, held in Curitiba from September 28th until October 2nd, 2015, 
surfaced the strong interest of Latin America’s and Brazilian scientific 
communities in the optical fiber sensors area. Following the trend, the Brazilian 
Society for Microwaves and Optoelectronics (SBMO) decided to organize the 
Latin American Workshop on Optical Fiber Sensors (LAWOFS). 
  
LAWOFS is proposed to take place every three years, coinciding with the 
intervals of the OFS conference series. The first edition, LAWOFS 2016 was co-
located with MOMAG 2016 in Porto Alegre, Brazil. The 2019 Edition will take 
place in Rio de Janeiro from July 17th until 19th, 2019. 
  
The Workshop proposes to engage research groups from Brazil and Latin 
America to debate on new concepts, technologies and applications of optical 
fiber sensing with the focus on intense interaction among the participants in 
order to enhance future collaborations in R&D projects. 
 
LAWOFS2019 selected papers, reviewed by the Technical Program Committee 
members, will address mainly physical and chemical optical sensors based on 
fiber Bragg grating technology. Besides special fibers, long period fiber Bragg 
grating, interferometric and distributed sensors and signal processing 
techniques for sensing interrogation will also be discussed. The applications 
areas include biomedical, energy, food processing industry, transportation and 
environmental quality. 

 

Prof. Maria Thereza Miranda Rocco Giraldi 

Prof. Maria Aparecida Gonçalves Martinez 

Prof. José Luís Fabris  

 

LAWOFS 2019 Organizers 

 



Second Latin American Workshop on Optical Fiber Sensors-2019: Program 

  Wednesday, July 17 Thursday, July 18 Friday, July 19 

8:50 - 10:00 Registration  

Oral Session 3 Oral Session 6  

10:00 - 10:30 Coffee break 1 & Registration 

10:30 - 11:00 Opening Session  Coffee break 3  Coffee break 5 

11:00 - 12:00 Invited Talk 1 Invited Talk 2  Round table  

12:00 - 13:30 Lunch 1  Lunch 2 Lunch 3  

13:30 - 15:10 Oral Session 1  Oral Session 4 Oral Session 7  

15:10 - 15:40 Coffee break 2 Coffee break 4  Coffee break 6 

15:40 - 16:00 
Oral Session 2  Oral Session 5 

Closing Session  

16:00 - 17:20   

17:20 - 19:00       

19:00 - 21:00   Workshop Dinner   

Wednesday, July 17 

Wednesday, July 17 8:50 - 10:00 

Registration 

Wednesday, July 17 10:00 - 10:30 

Coffee break 1 & Registration 

Wednesday, July 17 10:30 - 11:00 

Opening Session 

Chairs:  Dr. Maria Thereza Rocco Giraldi 

Dr. Maria Aparecida Martinez,  



Wednesday, July 17 11:00 - 12:00 

Invited Talk 1 

Optical Fiber Sensors: A 40-Year Retrospective 

Prof. ALEXIS MENDEZ - MCH ENGINEERING - USA 

Chairs:  Dr. Maria Aparecida Martinez 

Dr. Maria Thereza Rocco Giraldi 

Wednesday, July 17 12:00 - 13:30 

Lunch 1 

Wednesday, July 17 13:30 - 15:10 

Oral Session 1 

Physical Sensors - 1 

Chair: Dr. José L Fabris 

13:30 A Temperature-Compensated FBG Sensor Interrogator 

Gustavo Mattos, Alex Dante, Regina Allil, Cesar Carvalho and Marcelo Werneck 
In this paper, we present a closed-loop interrogation system for temperature compensation of FBG sensors in 
measurements of AC voltage. In the proposed system, a filter FBG tracks a sensing FBG under temperature variation. 
Experimental results show that the proposed system allows for stable measurements of AC voltage in a delta T of 20 °C. 

13:50 Optical Technology for Remote Monitoring of Leakage Current in Isolators of 500-kV 
Transmission Lines 

Daniel Sá de Oliveira, Marcelo Werneck, Regina Allil, Alex Dante and Cesar Carvalho 

                 PAPER REMOVED DUE TO AUTHOR NO-SHOW AT THE WORKSHOP

14:10 Humidity Monitoring in Acidic Sewer Environments Using Fibre Bragg Grating-based Sensors 

Matthias Fabian, Heriberto Bustamante, Louisa Vorreiter, Bruno Rente, Miodrag Vidakovic, Ye 
Chen, Tong Sun and Kenneth Grattan 
Innovative fibre Bragg grating-based sensors have been designed and implemented to monitor reliably the relative 
humidity and temperature in the challenging harsh, corrosive environment of a working sewer. The robustness and long-
term performance of the sensor system has been demonstrated through an extensive 2-month field test, showing 
excellent performance with no major signs of deterioration. 



14:30 Strain Measurements for a Magnetostrictive Material Using Fiber Bragg Gratings 

Oscar Sosa Puerto, Christian Camilo Cano and Gloria Margarita Varón Durán 
Magnetostrictive materials change their crystal network structure properties due to an external magnetic field action. 
These changes also affect a macroscopic property such as their physical dimension. Optical fiber Bragg gratings could 
be used to monitor any elongation in a piece of a magnetostrictive material, mainly because of their complete 
electromagnetic immunity. In this paper, we present the design and complete characterization of the system that uses a 
Helmholtz coil to produce a controlled magnetic field that is applied to a sample of the magnetostrictive material. Current 
results include a characterization for both strain and temperature sensitivity of the FBGs to be used. 

14:50 Macrobending SMS Fiber-Optic Arc Sensor Using Fixed Curvature Radius 

Jesse Werner Costa, Maria Thereza Rocco Giraldi and Marcos A. R. Franco 
A simple and high sensitivity fiber-optic arc sensor based on single mode-multimode-single mode (SMS) structure is 
reported. The output power intensity of SMS bend sensors may increase or decrease with the rise of curvature, depending 
on Multimodal Interference (MMI) conditions. In order to avoid slope inversions due to wide range bend applications, it 
is possible to choose a fixed curvature radius and let MMI effects happen due to arc variation, as demonstrated with 
experimental tests. Absolute output power peak sensitivity of 35.82 dB/m is reported. 

Wednesday, July 17 15:10 - 15:40 

Coffee break 2 

Wednesday, July 17 15:40 - 17:20 

Oral Session 2 

Chemical Sensors 

Chair: Dr. Hypolito J. Kalinowski 

15:40 External Refractive Index Sensitivity Enhancement of a Long Period Grating by Graphene 
Oxide Overlay 

Kasun Dissanayake, Bruno Rente, Tong Sun, Kenneth Grattan, Leonardo Binetti, Lourdes 
Alwis and Souvik Ghosh 
In this paper, an external refractive index sensor is presented based on a graphene oxide coated long period grating. 
Graphene oxide was coated on the fibre surface using a drop casting technique. Wavelength shift sensitivity was 
improved by 43% compared to the response of a bare long period grating against external refractive index. 

16:00 Development of a Solid Substrate for Surface Enhanced Raman Spectroscopy 

Felipe Hornung, Marcia Muller and José L Fabris 
In this work, a solid substrate for Surface Enhanced Raman Spectroscopy was developed and characterized. The 
interaction of silver nanoparticles with the probe molecule rhodamine 6G was compared for both liquid and solid 
substrates. Parameters of the solid substrate were optimized for use with an optical fiber Raman spectrometer. 

16:20 Optical Sensor to Monitor the Fermentation Process of Beers Based on Etched Fibre Bragg 
Gratings 



Vicente Oliveira, Vinicius Nunes Henrique Silva, Andrés Pablo López Barbero, Fernando 
Peixoto, Leandro Sphaier and Jean Kuhne 
In this paper, it is presented preliminary results in the development of a sensor to monitor the fermentation process of 
beers in real time based on Etched Fibre Bragg Gratings (EFBG). The experiments show that these sensors are extremely 
responsive to the density variations, which makes them useful for the monitoring beer fermentation. 

16:40 Optical Fiber Bragg Grating Sensors for Temperature Measurements in the Hyperthermia 
Treatment 

Nicolas Ospina Mendivelso, Juan Coronel-Rico, Hector Fabian Guarnizo, Christian Camilo 
Cano and Gloria Margarita Varón Durán 
The hyperthermia is a treatment consisting in raising the temperature of a part of or the whole body above normal 
(usually between 35 °C and 45 °C) for a defined period of time using microwave radiation as an adjuvant for the treatment 
of tumors. However, the use of conventional sensors (thermocouples, thermistors, RTD) presents interference issues 
linked to the microwave energy scattering that can affect surrounding tissues of the body. The goal of these proposal is 
to give a proof of concept of the feasibility of using an optical fiber based temperature measurement system taking 
advantage of the transparency of optical fiber materials when facing microwave energy. This means no undesired 
reflections or scattering inside the body. In this stage of the work a gelatin phantom was built in order to measure the 
temperature reached when it is irradiated using a 2.45 GHz and 800 W microwave source. From these results can be 
inferred a linear relation between the temperature reached and the irradiation time, it is given a proof of concept of real 
time measurement for hyperthermia applications. 

17:00 Fiber Bragg Grating Coated with Diphenylalanine Nanotubes for Methanol Vapor Detection 

Ricardo Kamikawachi, Bruno Cunha, Raquel Corotti, Rafael Barreto and André Conceição 
In this work, etched fiber Bragg gratings (EFBG) coated with diphenylalanine nanotubes (DNT) are studied for methanol 
vapor detection. The DNT morphology is characterized by Scanning Electron Microscopy and the temperature transition 
is determinate by Small-Angle X-Ray Scattering technique. After the phase transition, a significant increase in wavelength 
shift can be observed. 

Thursday, July 18 

Thursday, July 18 8:50 - 10:30 

Oral Session 3 

Signal Processing for Sensing 

Chair: Dr. Gloria Margarita Varón Durán 

8:50 Interrogation of Long-Period Grating Temperature Sensor Using Fiber Bragg Gratings and 
Artificial Neural Network 

Marco Aurélio Jucá and Alexandre dos Santos Bessa 
Considering the increasingly wide application of optical fiber sensors, this paper aims to present an alternative form of 
interrogation without the use of an optical spectrum analyzer or any other high-cost devices. The sensor studied here is 
a long-period grating being used to measure temperature. The interrogator is composed of optical filters and 
photodetectors whose responses are processed by a suitably trained artificial neural network. Results show that this 
technique enables effective interrogation of a range limited only by the optical bandwidth of the light source. 



9:10 Adaptive Data Compression Method for Distributed Temperature Sensors 

Luis Silva, Jorge Samatelo, Marcelo Segatto and Maria Jose Pontes 
This paper presents a new method of adaptive data compression for DTS systems that preserve the curve profile, spatial 
resolution and temperature resolution of the sensor. The approach allows compressing the data at a compression ratio 
of 2.65x, saving 62.3% of the hard disk memory, and reducing the processing time of the generated data. 

9:30 Study on the Best Reflection Spectra of FBGs for Dynamic Sensing 

Talitha Trovão, Alex Dante, Juan D Lopez, Cesar Carvalho, Regina Allil and Marcelo Werneck 
This paper presents a study of FBG reflection spectrum for application in dynamic measurements, such as AC current and 
voltage. In this work, we show the best reflection spectra of two FBGs employed in a twin-grating interrogation technique 
that guarantees the best linearity levels possible in the response of the dynamic measurement sensor. 

9:50 LPG Spectrum Estimation Using Neural Networks and Temperature Modulated FBG Array 

Felipe O Barino and Alexandre dos Santos Bessa 
This work proposes a novel approach to Long Period Fiber Grating (LPFG) interrogation involving power measurements 
to estimate the transmission spectra. The aim of this work is to develop a cheap alternative to the Optical Spectrum 
Analyzer. To accomplish this task a temperature modulated Fiber Bragg Gratings array was used. Accuracy close to half 
input spectrum resolution was obtained. 

10:10 A Simple Optoelectronic Load Cell 

Camila Moura, Lorena Jeranoski, Pedro Lima, Fernando Castaldo, Valmir de 
Oliveira and Hypolito J. Kalinowski 
In this work, an optical load cell was developed based on the intensity light variation get as a distance function between 
a light emitting diode (LED) and a FC-PC multimode optical fiber connector. The load cell is composed by a spring return 
and mass displacement system. The optical system consists of a LED in the infrared band whose emission is directed to 
a FC-PC multimode optical cord (MMF 62.5/125) , at another end of the optical cord the power was applied to a 
phototransistor. The resulting current in the phototransistor was amplified in a two-stage transimpedance circuit using 
general purpose operational amplifier. The voltage response was correlated to the value of the load applied to the 
system. Four tests were carried out, in which they exchanged the springs for return and loads intensities. Through the 
tests, the transducer's calibration curves were done. The optical load cell shown in this work was developed for the cost 
reduction purpose and the reasonableness simple solution. 

Thursday, July 18 10:30 - 11:00 

Coffee break 3 

Thursday, July 18 11:00 - 12:00 

Invited Talk 2 

Distributed Brillouin Fibre Sensing: From Fundamentals to Advanced Techniques 

Prof. MARCELO SOTO - UTFSM - Chile 

Chair: Dr. José L Fabris 



Thursday, July 18 12:00 - 13:30 

Lunch 2 

Thursday, July 18 13:30 - 15:10 

Oral Session 4 

Physical Sensors - 2 

Chair: Dr. Marcelo Werneck 

13:30 Study of Core Diameter Mismatch Based Optical Fiber Sensors for Salinity and Temperature 

Tanushree Selokar and Maria Thereza Rocco Giraldi 
In this paper it is presented core diameter mismatch structured devices that use multimode interference technique as 
optical fiber sensors. Singlemode-MultimodeSinglemode (SMS) and Singlemode-Multimode-Singlemode-Multimode-
Singlemode (SMSMS) configurations are used for measurement of refractive index (RI) and temperature. The best 
sensitivity achieved for RI measurements is obtained with the SMS sensor: 273.63 nm/RIU. For temperature sensing, the 
best sensitivity attained is accomplished using the SMSMS sensor: 312.75 pm/°C. 

13:50 Multi-parameter Non-Invasive Monitoring of Lithium-Ion Batteries Using Fibre Bragg 
Gratings 

Bruno Rente, Matthias Fabian, Tong Sun and Kenneth Grattan 
The integration of Fibre Bragg Gratings (FBG) into the body of Lithium-Ion battery cells, for measuring both their strain 
and temperature to achieve better overall condition monitoring is reported. Sufficient data have thus been gathered to 
develop an appropriate model for the prediction and thus the prevention of battery failure. 

14:10 Fabrication of a Flexible Tactile Sensing System with Macro-Bend Optical Fiber Sensors 

Diogo Lugarini, Vinicius Carvalho, Marcos Aleksandro Kamizi, José L Fabris and Marcia Muller 
Fabrication steps of a sensing system composed of four optical fiber macro-bend sensors embedded in silicone sheet 
are described. Sensing ability was tested by individually applying loads from 0.0 kg to 3.0 kg on the sheet surface. 
Preliminary results show the system ability of detecting loads applied in areas not coinciding with the sensors positions. 

14:30 Experimental and Simulated Curvature Analysis in Structure Based on Core Diameter 
Mismatch 

Felipe Takeda, Victor Rodrigues Cardoso, Cindy Fernandes, Joao Weyl Costa and Maria 
Thereza Rocco Giraldi 
In this paper study of multimodal interferences in optical fiber curvature sensor is presented. The sensor consist of a 
Mach-Zender interferometer based in Core Diameter Mismatch technique. The analysis provided a numerical model of 
adjustment by the diameter in the multimode section with the purpose of acquiring better linear results. 

14:50 Fabrication of Arc-Induced Long Period Fiber Grating with Opposite Point-by-point 
Modulation 

Felipe Delgado, Deivid Campos, Thiago Coelho and Alexandre dos Santos Bessa 



We demonstrate the fabrication of an arc-induced long period fiber grating (LPFG) with opposite point-by-point 
modulation. The produced LPFG exhibited low polarization dependent loss (PDL) and a linear torsion sensitivity up to 
0.197 nm/(rad/m), which is higher than that of the traditional arc-induced LPFGs 

Thursday, July 18 15:10 - 15:40 

Coffee break 4 

Thursday, July 18 15:40 - 17:20 

Oral Session 5 

Electromagnetic & Special fiber sensors 

Chair: Dr. Maria José Pontes 

15:40 Optical Current Sensor Based on Magnetostrictive Composites 

Juan D Lopez, Alex Dante, Talitha Trovão, Roberto Mok, Cesar Carvalho, Regina Allil, Fabricio 
Borghi and Marcelo Werneck 
This paper presents a novel compact fiber-optic current sensor (FOCS) based on magnetostrictive composites that 
employ only 1 gram of Terfenol-D. Finite element method (FEM) simulations supported the design and construction of 
two versions of FOCS, which were capable to measure on a.c. current from 200 to 800 Arms in laboratory. 

16:00 Analysis of Magnetic Field Sensor Based on Intermodal Interference Using Tapered Square 
No-Core Fiber 

Wilson Morais, Jr. and Maria Thereza Rocco Giraldi 
This paper presents the computational implementation of a magnetic field sensor model, based on the principle of 
intermodal interference using a taper with square section in an optical fiber. Simulations were performed varying its 
constructive dimensions in order to analyze the influence of them in the sensor performance. 

16:20 Electromagnetic Contactor Core Temperature and Dynamic Strain Evaluation Using Fiber 
Bragg Gratings 

Cesar Tapia, Jorge Luis Roel Ortiz, Uilian José Dreyer and Kleiton Sousa 
This paper presents the dynamic strain and temperature measurements for a electromagnetic contactor core using the 
Fiber Bragg Grating (FBG). These measurements are used to predict future preventative maintenance of this device. The 
temperature variation is approximately 76 °C. In the steady state, for dynamic strain measurement, the fundamental 
frequency is 120 Hz. 

16:40 Influence of Gold Nanoparticles Film on the Sensitivity of Long Period Fiber Grating 

Robsson Pereira Dias, Carla Klimpovuz, Marcela Oliveira, José L Fabris and Marcia Muller 
The responses of three coated and uncoated long period gratings to the refractive index of the surroundings are 
compared. Gratings operate at the visible spectral range close to the plasmon resonance band of gold nanoparticles. 
Sensitivity increase up to 85.2% was achieved after coating the grating. 

17:00 D-shaped Photonic Crystal Fiber Biosensor for Glucose Concentration Using a Graphene-
Sheet 



Amanda F Romeiro, Patrick Gaia, Markos Cardoso, Anderson Silva and Joao Weyl Costa 
We design a graphene-based D-shaped photonic crystal fiber refractive index sensor to detect changes in the levels of 
glucose concentration. Its sensing performance is theoretically analyzed using the Finite Element Method (FEM). The 
sensor has an average sensitivity of 2560.6 nm/RIU when we vary the glucose concentration from 0 to 200g/l. 

Thursday, July 18 19:00 - 21:00 

Workshop Dinner 

Friday, July 19 

Friday, July 19 8:50 - 10:30 

Oral Session 6 

Chemical & Special fiber sensors 

Chair: Dr. Marcelo A. Soto 

8:50 Plastic Fiber Optic for Ultrasensitive Gas Detector Applications 

Meysam Keley, Juan D Lopez, Alex Dante, Talitha Trovão, Roberto Mok, Pedro Henrique 
Romualdo, Fabricio Borghi, Cesar Carvalho, Regina Allil and Marcelo Werneck 
In the present study, an ultrasensitive hydrogen sulfide sensor is developed via functionalization of U-shaped Plastic 
optical fiber. The results of the sensor demonstrate low response time and full recovery while exposed to a gas mixture 
containing 200ppm concentration of measurand. 

9:10 Rehabilitation Tools on Biomedical Using Fiber Bragg Grating Sensors 

Alessandra Kalinowski, José Galvão, Talita Paes De Bastos, Eduardo Dureck, Uilian José 
Dreyer, Carlos Zamarreño, Cicero Martelli and Jean Carlos Cardozo da Silva 

               PAPER REMOVED DUE TO AUTHOR NO-SHOW AT THE WORKSHOP

9:30 Etched Fiber Bragg Gratings Functionalized with PCDTBT:PDI Thin Film for Ammonia 
Detection 

Jean Kuhne, Anderson Gavim, Paula Rodrigues, Bruno Torres, Andréia Macedo, Jeferson de 
Deus and Ricardo Kamikawachi 
The functionalization of an etched fiber Bragg grating with a drop casted thin film improved the sensor sensitivity to 
ammonia vapors. The film was obtained from a solution of a perylene derivative along with the copolymer PCDTBT, in 
chlorobenzene. The resulting sensor detects ammonia vapors ranging from 27 to 6954 ppm, at room temperature. 

9:50 Hole-Assisted Helically Twisted Twin-Core Fiber Coupler 



Juan E Úsuga, William M Guimarães and Marcos A. R. Franco 
Coupling characteristics of helically twisted twin-core fibers with hole-assited structure were numerically evaluated. It 
was observed the increase of coupling beat length with the increase of twist rate, and it was confirmed the effectiveness 
of hole-assisted guidance to loss reduction. The proposed twisted fiber, with 66 mm length, works as a circular 
polarization splitter. 

10:10 Fiber Specklegram Analysis for Monitoring Evaporation Inside a Capillary-like Optical Fiber 

Thiago D Cabral, Luiz da Silva, Eric Fujiwara and Cristiano MB Cordeiro 
A liquid filled capillary-like fiber sensor for monitoring the evaporation rate of the filling liquid through fiber specklegram 
analysis is proposed and evaluated. Experimental data shows a clear relation between the specklegram shift over time 
and evaporation, prospectively allowing the assessment of multiple parameters of the liquid by modeling evaporation in 
a capillary. 

Friday, July 19 10:30 - 11:00 

Coffee break 5 

Friday, July 19 11:00 - 12:00 

Round table 

Optical Fiber Sensors: Markets & Products 

Dr. Ed Mendoza - Redondo Optics 

Dr. Alexis Mendez - MHC Engineering 

Dr. João Batista Rosolem - Fundação CPqD 

Chair: Dr. Hypolito J. Kalinowski 

Friday, July 19 12:00 - 13:30 

Lunch 3 

Friday, July 19 13:30 - 15:10 

Oral Session 7 

Field applications & Sensor development 

Chair: Dr. Josemir Coelho Santos 



13:30 Fibre Bragg Grating Based Sensor System for Pantograph - Overhead Line Interface 
Condition Monitoring During Electrified Train Operation 

Miodrag Vidakovic, Tong Sun, Ye Chen, Matthias Fabian, Kenneth Grattan, Matt Askill, Lee 
Brun, Rod Fawcett, Peter Dearman and Simon Warren 
Efficient current collection and monitoring railway current-collecting pantographs is one of the key challenges for railway 
sector in electrical train operation. Fibre Bragg grating (FBG) sensors integrated into a pantograph are used to provide 
accurate contact force and contact location measurements at the crucial pantograph-overhead line (OHL) interface. Data 
collected during field trials are reported in the paper. 

13:50 Optical Current Transducer Metrological Characterization for Current Transformer on Site 
Calibration 

Marcelo Costa 
This paper presents metrological characterization of an optical current transducer solution for high voltage current 
transformers on site calibration. In metrological tests, from 150 A to 1700 A, ratio errors were between ± 0.1% and phase 
errors were between ± 5'. Although the good results, some strategies are suggested for uncertainty improvement in field 
application. 

14:10 Evaluation of Coupling to Symmetric and Asymmetric Cladding Modes in Long-Period Fiber 
Gratings 

Felipe Delgado, Renato Luiz, Daniel D. Silveira and Alexandre dos Santos Bessa 
We analyze the influence of coupling to symmetric and asymmetric cladding modes in arc-induced Long-Period Fiber 
Gratings for temperature and strain sensing. The origin of this difference in energy coupling is related to the fabrication 
process of these gratings and depends on the electric arc discharge conditions, which modulates the refractive index 
and geometry of the optical fiber. Finally, results demonstrate the performance of different cladding modes excited in 
arc-induced LPFGs to temperature and strain applications and, in addition, indicate which coupling might be appropriate 
to certain sensing applications. 

14:30 Inertial Compensation in an Electrified Railway Pantograph Condition Monitoring System 
Using FBG-based Accelerometers 

Ye Chen, Miodrag Vidakovic, Matthias Fabian, Tong Sun, Kenneth Grattan, Matt Askill and Lee 
Brun 
This paper presents the results from an assessment of dynamic force inertial compensation, obtained using two Fibre 
Bragg Grating (FBG)-based accelerometers integrated into a railway current-collecting pantograph, allowing more 
accurate measurement of contact force and contact location are presented. In the tests carried out, a high level of transfer 
function accuracy in the monitoring of dynamic contact force was achieved. 

14:50 Optical Fiber Sensor for Carbon Dioxide Measurement Using Tapered Long Period Grating 

Manuella Oliveira, Alexandre dos Santos Bessa, Felipe Delgado, Marco Aurélio Jucá, Daniel 
Discini, Thiago Coelho and Renato Luiz 
This paper presents the development of a refractive index (RI) sensing methodology for measuring CO2 concentration 
in environments considering the temperature effect. We propose and demonstrate the modulated tapered Long Period 
Gratings to enhance the RI sensitivity of the sensor. The results show it is possible to measure the CO2 considering the 
temperature cross-sensitivity effect. 



Friday, July 19 15:10 - 15:40 

Coffee break 6 

Friday, July 19 15:40 - 16:00 

Closing Session 

Chairs:  Dr. Maria Aparecida Martinez 

Dr. Maria Thereza Rocco Giraldi 



Proceedings of the Latin American Workshop on 
Optical Fiber Sensors 

LAWOFS 2019 – Rio de Janeiro, Brazil 

Summary 

Wednesday, July 17 13:30 - 15:10 

Session 1 

Physical Sensors 

Chair: José L Fabris 

13:30 A Temperature-Compensated FBG Sensor Interrogator 1 

Gustavo Mattos, Alex Dante, Regina Allil, Cesar Carvalho and Marcelo Werneck 

13:50 Optical Technology for Remote Monitoring of Leakage Current in Isolators of 500-kV 
Transmission Lines – PAPER NOT INCLUDED IN PROCEEDINGS DUE TO AUTHOR NO SHOW 

Daniel Sá de Oliveira, Marcelo Werneck, Regina Allil, Alex Dante and Cesar Carvalho 

14:10 Humidity Monitoring in Acidic Sewer Environments Using Fibre Bragg Grating-based Sensors
5 

Matthias Fabian, Heriberto Bustamante, Louisa Vorreiter, Bruno Rente, Miodrag Vidakovic, Ye 
Chen, Tong Sun and Kenneth Grattan 

14:30 Strain Measurements for a Magnetostrictive Material Using Fiber Bragg Gratings  
 10 

Oscar Sosa Puerto, Christian Camilo Cano and Gloria Margarita Varón Durán 
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Abstract: In this paper, we present a closed-loop interrogation system for temperature 

compensation of FBG sensors in measurements of AC voltage. In the proposed system, a filter 

FBG tracks a sensing FBG under temperature variation. Experimental results show that the 

proposed system allows for stable measurements of AC voltage in a ΔT of 20 °C. 
 

 

1. Introduction 

Optical fiber sensors (OFS) have been making an enormous impact on modern instrumentation and measurement 

systems due to excellent properties of optical fibers. Some types of OFS that have been popularized in recent 

decades are those based on Fiber Bragg gratings (FBGs). In the electric power systems industry, they are 

particularly used for the monitoring of voltage of high-voltage transmission lines, as reported by [1-8].  

However, in order to avoid measurement errors, the interrogation system of an FBG-based sensor should 

separate the cross-sensitivity between temperature and strain, such as demonstrated in [2]. In [4], temperature 

compensation was performed by controlling the sensor temperature with the actuation of a thermoelectric cooler 

(TEC). In [7], this same technique was employed but without using a temperature sensor. In Dante et al. [2] work, 

a piezoelectric actuator was used instead of a TEC.  

In this work, we report the development of an optoelectronic interrogation system for FBG sensors employing 

a twin grating interrogation technique, which allows temperature compensation of sensors, applied to 

measurement of AC variables, such as current and voltage using a TEC as an actuator. The developed system was 

tested in laboratory for high-voltage measurements with induced temperature variations. 

 

2. Fundamentals of FBG 

An FBG is formed by periodic modulations of the refractive index in a portion of the optical fiber core written 

with ultraviolet (UV) radiation. When a broadband light source (BLS) illuminates this fiber, part of the light is 

reflected by the FBG with a characteristic spectrum profile centered at 𝜆𝐵, the Bragg wavelength. Its sensitivity 

as a function of strain and temperature is given by 

Δ𝜆𝐵

𝜆𝐵

=  (1 − 𝜌𝑒)𝜖𝑧 +  (𝛼 + 𝜂)Δ𝑇 

where 𝜌𝑒 is the photoelastic coefficient, which is dependent on the material of the fiber core, 𝜖𝑧 is the longitudinal 

mechanical stress applied to the FBG, 𝛼 is the coefficient of thermal expansion of the fiber and 𝜂 is the thermo-

optical coefficient, which is related to the change in the refractive index of the fiber core by temperature variations.  

 

3. Materials and Methods 

3.1. The Twin Grating Interrogation Technique 

Several types of FBG-based sensors for AC voltage and current have been described in the literature [1,2-4,6]. 

The most popular interrogation techniques for FBG sensors rely on high-speed interferometry, such as those 

employed by commercial FBG interrogators. However, those techniques are preferred when a broad spectrum 

must be covered because they have low accuracies, whereas interrogation systems based on the twin-grating 

technique [2,5] may provide subpicometric resolutions [2,3,7]. This is due to the great sensitivity they can achieve, 

depending on the transducer, e. g., piezoelectric for high-voltage sensors [1,5,6,8] and Terfenol-D for current 

sensors [3,8]. 

In the twin grating interrogation technique, the spectrum reflected by an FBG works as a light source to 

another FBG. The light reflected from this second FBG is the overlapping area of both FBGs spectra. This optical 

signal is converted into photocurrent. Then a transimpedance amplifier can convert it to voltage levels, easily read 

by an oscilloscope or microcontroller. If there is a change in the convolution between the two spectra, the optical 
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power will change, meaning that there was a relative shift of the FBGs. In case of the need to measure only 

mechanical strain, temperature variations must be compensated. 

3.2. Interrogation Independent of Temperature Variations 

In order to compensate for temperature shifts on the sensing-FBG, a closed-loop optical power control was 

implemented [2,7]. Fig. 1(a) shows that, given the sensing and the filter FBGs spectra (red and blue curves, 

respectively) at the initial instant and at the temperature 𝑇0, they are superimposed and the black hatched area is 

the optical power reflected that is guided to the photodetector. The dashed line represents the AC displacement of 

the sensing-FBG spectrum due to the high-voltage application. 

If, at the instant 𝑡𝑓, the center wavelength of the sensing-FBG spectrum moves due to a change on temperature, 

the closed-loop control keeps the filter-FBG, which is installed over the TEC, tracking the sensing-FBG over low 

frequency, temperature-induced shifts. It is performed by a firmware-based routine that reads continuously the 

DC level of the optical signal acquired by the photodetector and feds it back to a proportional-integral-derivative 

(PID) controller. The setpoint is chosen to be the one that keeps the filter-FBG overlapped over the sensing-FBG 

at an optimal point of operation, which is the point of the convolution plot (see Fig. 1(b)) that allows for the best 

linearity in the output signal (black line). The blue line relates to the high-voltage signal read by the sensing-FBG. 

3.3. Experimental Setup - FBGs and TEC Element 

In this project, two similar FBGs (Technica SA) were used, which specifications are: (1530 ± 0.5) nm center 

wavelength, 2-mm length and reflectivity higher than 50 % of the input power. The thermoelectric actuator in this 

work is a (15 × 15 × 4.3)-mm TEC (Adaptive Thermal Management Ltd., model ET-031-10-20). It supports a 

2.5 A, 3.8 V, with power capacity up to 5.8 W in a maximum 75°C temperature shift. 

3.4. Overview of the Optical and Electronic Setup 

The experimental setup in Fig. 2(a) was assembled in laboratory. The sensing-FBG was bonded to the 

piezoelectric actuator (PZT-4, 𝑑33 =  300 pm/V, Sparkler Piezoceramics Pvt Ltd) employed as a high-voltage 

sensor. To enhance the wavelength range of the filter-FBG and, hence, the interrogation system temperature 

compensation capability, it was bonded to an aluminium plate, which was placed in thermal contact with the TEC. 

Fig. 2(b) shows both FBGs bonded to their respective substrates using an industrial cyanoacrilate adhesive (Loctite 

401).  

Fig. 2. (a) Optical and electronic setup of the proposed interrogation system; (b) sensing-FBG bonded to the inner diameter of a ring-shaped 

PZT ceramics. Inset: filter-FBG bonded to an aluminium substrate. 

 

(b) 

(b) (a) 

(a) 

Fig. 1. (a) Graphical representation of the FBGs spectra convolution independent of temperature variations on the sensor; (b) convolution 

plot obtained from the FBGs spectra, the tracking point and typical input and output signals of a sensor. 
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3.5. Principle of Operation 

A subroutine in firmware determines the optimal point of operation of the system (the point in which the output 

signal presents the least distortion). After that, the PID controller keeps the filter-FBG tracking the sensing-FBG 

over slow, temperature-induced wavelength shifts, maintaining the average of the convolution signal fixed. The 

filter-FBG, bonded to the aluminium plate, has its sensitivity to temperature about three times of the bare FBG. 

This is also an advantage of the proposed system over the one in [2] because it allows a larger range of temperature 

compensation. 

As shown in Fig. 2(a), part of the optical power reflected by the sensing-FBG is guided through port 3 of the 

optical coupler and it is continuously monitored by photodiode P1 to compensate for optical power fluctuations 

of the BLS. The compensation is performed by a normalization between the digital values read from photodiodes. 

 

4. Results and Discussion 

4.1. Implementation and Tests of the Main Control Routine 

The controller parameters are set in firmware, then a first run is performed after the system is turned on. The TEC 

is driven through a pulse-width-modulated (PWM) driver implemented with a full H-bridge, whose analog input 

is also provided by the microcontroller. Fig. 3 shows a time-record plot of the main control routine starting when 

the electronic system is turned on. 

It is possible to see that the convolution power (red curve) is near zero at the beginning, because the FBGs 

spectra are only slightly overlapped. As the filter-FBG is heated, its spectrum overlaps the spectrum of the sensing-

FBG, causing the convolution power to rise to the optimal point of operation (blue line). It is also seen in Fig. 3 

that, within 30 s, the control routine keeps the filter-FBG tracking the sensing-FBG over temperature-induced 

wavelength shifts.  

At the steady-state, the convolution level ripples around the PID setpoint due to the noise and inherent 

characteristics of the components. In the inset graph of Fig. 3, the referred ripple can be seen, as well as the control 

maintaining the convolution DC level within  ∼  100 mV, that means approximately 5 × 10−3 pm. 

4.2. Temperature-Compensated Voltage Measurements 

The experiments performed in laboratory consisted of immersing the sensor in a bowl with insulating oil heated 

up to 50°C and then, tests were conducted with AC voltage at 600 Vrms. They were performed with the sensor 

cooling down to room temperature, around 30°C. Fig. 4 shows convolution level data points acquired during the 

temperature variation of the sensor, which means that the filter FBG was kept tracking the sensing FBG through 

the temperature range shown. It can also be seen in Fig. 4 that the maximum deviation of the experimental data 

points is 30 mV, which denotes the high stability achieved by the control implemented. 

Fig. 3. Graph showing the controlled variable reaching the PID setpoint proving the proper work of the controller. 

Fig. 4. Temperature compensation performed by the developed interrogation system. 
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The interrogation system also acquires the AC optical signal. Fig. 5(a) show one cycle of the input high-

voltage signal applied to the sensor and Fig. 5(b) its fast Fourier transform (FFT). For a comparison between the 

input and output signals and the characterization of the interrogation system, Figs. 5(c) and 5(d) show three one-

cycle acquisitions of the output signal and their FFTs, respectively. They were acquired with the sensor prototype 

in three different temperatures, 33.7°C, 43.7°C, and 47.7°C. A comparison between the FFT levels of Figs. 5(b) 

and 5(d) shows that their spectral compositions are well correlated. This result is of great importance because it 

means that the developed interrogation system is capable of AC measurements independent of temperature 

variations, without the need for a temperature sensor. 

5. Conclusions

A closed-loop optoelectronic interrogation system for FBG sensors was built and tested in laboratory. A high-

voltage sensor prototype was employed under a temperature range of 20 °C. The temperature compensation 

performed provides a very accurate tuning for the filter-FBG, since an active system does so. Experimental results 

have shown that the closed-loop control maintains the filter-FBG tracking the sensing FBG within a Δ𝜆 of 

5 × 10−3 pm. This is an important result, since the stability of the tracking point is directly related to the level of

distortion at the output signal. Other methods (passive ones) to compensate thermal variations do not offer a 

precise tuning.  

One of the advantages of the proposed system is that it does not require a temperature sensor at the sensing 

point, as done by Ribeiro et al. [4]. Instead, the system relies on the measurement of the optical convolution signal 

between the reflection spectra of two FBGs to control it. Furthermore, the proposed system is easily expandable 

for monitoring an array of sensing-FBGs. 
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Fig. 5. (a) The power grid AC voltage signal and (b) its FFT. (c) Output signals of the interrogation system in different temperatures and 

measured at the sensing point and (d) their FFTs. 
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Abstract: Innovative fibre Bragg grating-based sensors have been designed and implemented to 
monitor reliably the relative humidity and temperature in the challenging harsh, corrosive 
environment of a working sewer. The robustness and long-term performance of the sensor system 
has been demonstrated through an extensive 2-month field test, showing excellent performance with 
no major signs of deterioration. 

1. Introduction

The corrosion of the aging concrete-based sewage infrastructure in modern cities poses a huge financial burden on 
urban societies in terms of infrastructure maintenance, rehabilitation and repair.  While there are a multitude of factors 
leading to the corrosion of concrete sewer pipes, the oxidation of hydrogen sulfide (H2S, hydrosulfuric acid) is playing 
a key role in the process of initiating corrosion [1].  Once initiated, the rate of corrosion is then accelerated by high 
humidity levels [2]. A third factor is the temperature inside the sewer which influences the emission rate of H2S from 
the liquid to the gas phase [3]. 

It is therefore desirable to monitor the key parameters that contribute to degradation in such acidic sewer 
environments, often stretching for hundreds of miles.  However, most conventional sensors do not withstand such 
conditions over the extended periods of time needed for effective long-term monitoring required by industry, 
especially when exposed to permanently high humidity (>95%rh) and the acid environment. 

Due to their robustness, light weight, chemical inertness and potential for multiplexing, optical fibre sensors offer 
a viable solution to this critical monitoring problem. In this paper, the results of an extensive 2-month test trial of an 
FBG-based combined humidity and temperature sensor system, exposed to a real sewer environment, are reported and 
discussed.  

2. Sensor design and instrumentation

The working principle of FBGs as the basis of sensor systems has been widely reported, e.g. in the work of Rao [4], 
and will therefore not be repeated here. In order to create the sensors used in this study, a pair of FBGs of 5 mm in 
length were inscribed into germanium-doped photosensitive fibre (Fiber Core SM1500(4.2/125)) using the phase mask 
technique [4].  The arrangement used is shown in Fig. 1. Following grating inscription, one of the FBGs (FBG2 in 
Fig. 1) was dip-coated with a total of 20 layers of a hygroscopic material, individually applied, in this case using 
polyimide as the active element in the sensor (PI, HD Microsystems PI-2525), resulting in an overall coating thickness 
of approximately 22 µm.  The dip-coating process is described in detail in [5] for long period gratings but applies in 
the same way to the coating of FBGs. The hygroscopic material reacts to the humid environment (and thus changes in 
the relative humidity) by expanding or contracting, thus exerting strain on the coated section of fibre, i.e., changing 
the characteristic wavelength of FBG2.  To facilitate the bonding of the PI to the bare fibre, the latter was first coated 
with one layer of 3-APTS (3-Aminopropyltrietoxysilane).  As FBG2 responds to both humidity and temperature 
changes, FBG1 was left bare to allow it to be used for temperature compensation, as explained below. 

Fig. 1. Schematic of a fibre with two FBGs as used in this study. FBG1 is bare (uncoated) whereas FBG2 is coated with a 
hygroscopic material 
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Both FBGs in Fig. 1 are strain-relieved (and thus not responsive to any changes in their characteristic wavelengths 
due to external strains), i.e., FBG2 is designed to be responsive to changes in temperature (T) and humidity (RH) 
whereas FBG1 is responsive only to temperature changes. Therefore, the temperature-induced changes in FBG2 can 
be compensated through a knowledge of the wavelength changes to FBG1 and both parameters can be expressed by 
the following equations: 

 𝑇𝑇 =  1
𝑐𝑐𝑇𝑇1

�𝜆𝜆1 − 𝜆𝜆1(0)� (1) 
 
 𝑅𝑅𝑅𝑅 =  1

𝑐𝑐𝑅𝑅𝑅𝑅2
�𝜆𝜆2 − 𝜆𝜆2(0) − 𝑐𝑐𝑇𝑇2 ∙ 𝑇𝑇� (2) 

 
where λi are the measured Bragg wavelengths (nm) of FBG1 and FBG2, λi(0) their Bragg wavelengths at 0°C, cTi their 
temperature coefficients or sensitivities (nm/°C), and cRHi their moisture sensitivities (nm/%RH). In Matrix form, the 
impact of changes in temperature and humidity on the FBG peak wavelengths can be described as: 
 
 𝛬𝛬 = 𝐶𝐶 · 𝑋𝑋 (3) 
With 
 

  𝛬𝛬 = �𝛥𝛥𝜆𝜆1𝛥𝛥𝜆𝜆2
� 𝐶𝐶 = �

𝑐𝑐𝑇𝑇1 𝑐𝑐𝑅𝑅𝑅𝑅1
𝑐𝑐𝑇𝑇2 𝑐𝑐𝑅𝑅𝑅𝑅2� 𝑋𝑋 = � 𝛥𝛥𝑇𝑇𝛥𝛥𝑅𝑅𝑅𝑅� (4) 

 
Where cRH1 equals zero as FBG1 does not respond to changes in relative humidity. 

Apart from the two Bragg wavelengths, λi, measured, all other parameters have been obtained through the 
calibration of the sensors in a controlled temperature/humidity environment where these parameters can be carefully 
controlled. 

The coated fibre lies at the core of the moisture-sensitive instrument which has been developed and was carefully 
packaged with the fibres carefully placed inside a perforated PEEK (polyether ether ketone) tube. This has an outer 
diameter of 8 mm (Fig. 2). PEEK offers excellent mechanical and chemical resistance, characteristics that are retained 
to high temperatures and which makes this material highly suitable for its intended use in a sewer environment. The 
sensor package consists of both an inner and outer tube with a PTFE (polytetrafluoroethylene) layer in-between to 
prevent solids from entering the tube and thus potentially damaging the key sensor element. 

 
Fig. 2. Two-component perforated PEEK outer tube and smaller diameter inner tube (left) and (right) the packaged sensor probe 

with an armoured fibre.  

The packaged sensor was then carefully calibrated in an environmental chamber (Binder KBF115) as shown in 
Fig. 3. The peak wavelengths of both FBGs were recorded in a calibration over a temperature range of 25-45°C (the 
maximum temperature excursion expected in the sewer environment where the sensors would be used), in steps of 
5°C, as well as over a humidity range of 35-75%rh, in steps of 10%rh. The wavelength readings were then fitted in 
order to obtain the calibration coefficients and reference peak wavelengths used in equations (1) and (2). 
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Fig. 3. Sensor calibration carried out in the Binder KBF115 environmental chamber. The temperature (left) and humidity (right) 

responses of both the FBGs used in the sensor probe are shown. 

It is clear from Fig. 3 that, as designed, both FBGs are sensitive to temperature whereas only the coated FBG is 
responsive to changes in RH and will act as the humidity sensor. It is also clear from Fig. 3 that the responses of both 
sensors to T and RH are strongly linear (with R2 values > 0.999). 

The sensor performance, obtained through the monitoring of the wavelength characteristic of the FBGs used was 
interrogated using a ‘Micron Optics si155’ unit. Due to the intended testing location, which is remote from access to 
main electricity, battery-operation was required necessitating a shut-down of the unit between measurements to 
conserve energy and extend the useful measurement lifetime. This was achieved using a Raspberry Pi 3 (model B) 
module which at the same time provided 4G connectivity to allow remote data transfer. The Pi module itself was 
disconnected from power between measurements using a low-power extension board (Sleepy-Pi 2). The whole 
hardware setup (Figure 4) was then mounted in a suitable enclosure, type IP65 (ingress protection 65, dust tight and 
protected against water projected from a nozzle), to protect the system during the field tests. 

 
Figure 4. Hardware setup for sensor interrogation and data transfer. 

 
3. Experimental results and discussion 

Field trials were carried out in Manly, Australia (approximately 15 km north of Sydney) at a sewer access facility 
operated by Sydney Water. The lead fibre of the developed sensor probe was protected by a drain pipe before being 
lowered into a sewer access hole (Figure 5) which was then covered. The sensor output was monitored fully over the 
full duration of the tests, reporting data at 20-minute intervals.  The results of the data collection exercise undertaken 
over the two-month test period (December 2018 – February 2019) are shown in Figure 66, with data collected plotted 
against the above-ground weather conditions [6]. 
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Figure 5. Photograph of the sensor probe (left) and (right) the sensor being lowered into the sewer via the sewer access hole. 

 
Figure 6. Data obtained from the sensor system installed in the sewer monitored over a 2-month period. Left – temperature data 

monitored in the sewer using the sensor (with for comparison external temperature data).  Right – relative humidity data 
monitored in the sewer (with for comparison external humidity data)   

It can be seen from the data reported in Figure 66 that the sewer temperature is relatively stable with commonly less 
than half a degree variation between day and night, despite much larger temperature variations above ground. The 
sewer humidity at 95-97%rh is constantly well above the ambient air humidity and, again, with only minor fluctuations 
seen between day and night. Most importantly, the sensor performance does not show any sign of deterioration within 
the two-month period over which data were reported. These data, in conjunction with those of other parameters in the 
sewer, provide engineers and scientists with vital information on the sewer corrosion process (which is beyond the 
scope of this report), allowing engineers to develop appropriate maintenance and prevention strategies to ensure 
continuity of performance for customers. 
 

4. Conclusion 

The FBG-based temperature and humidity sensor system developed has been demonstrated to offer robustness and 
continuous performance when operated in the acidic sewer environment of a working sewer, one where conventional 
sensors fail after use for relatively short periods of time. Reliable data were obtained for two months from a battery-
powered system operating remotely. An extended dataset on the tests carried out will be published in due course.  

Future work will include trialing an extended distributed monitoring approach using multiple sensor probes along 
extended sections of sewage infrastructure. In addition, an FBG-based H2S sensor system is being considered for 
potential integration into the sensor probe, allowing a more comprehensive sewer monitoring approach.  
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Abstract: Magnetostrictive materials change their crystal network structure properties due to an 

external magnetic field action. These changes also affect a macroscopic property such as their 

physical dimension. Optical fiber Bragg gratings could be used to monitor any elongation in a 

piece of a magnetostrictive material, mainly thanks to of their complete electromagnetic immunity. 

In this paper, we present the design and complete characterization of the system that uses a 

Helmholtz coil to produce a controlled magnetic field that is applied to a sample of the 

magnetostrictive material. Current results include a characterization of both strain and temperature 

sensitivity of the FBGs to be used.  
 

1. Introduction 

A magnetostrictive material is a smart or adaptative structure that changes its properties when an external 

magnetic field is applied [1,2]. Magnetostriction is usually an inherent effect on magnetic transition materials like 

iron and nickel. Magnetic transitions are accompanied by structural changes in the material, such as its crystal 

network structure or spatial distribution [3]. It is possible to identify a magnetic phase transition through the 

variation of the crystal network parameters with neutron diffraction or x-ray diffraction. In both cases, to obtain the 

network parameters high refining and processing of data are required. The use of fiber optic sensors has shown to 

be effective in the evaluation of magnetostrictive materials [4], offering information of macroscopic changes in the 

dimensions of materials, whether in block, film or powder.  

To measure the change in the dimension of the magnetostrictive material, optical fiber Bragg grating sensors 

(FBGs) emerge as a good alternative as they offer three main advantages: electromagnetic immunity; linearity with 

variables such as strain and temperature; and long-distance measurement with no other media than the one used to 

feed the sensor [6,7].  In this paper, we present advances of an ongoing study to detect a magnetic transition by a 

macroscopic measurement (microns) in a magnetostrictive material when exposed to an external magnetic field. 

We made two FBGs customized sensors to measure both strain and temperature on a magnetostrictive material 

submitted to a magnetic field produced with a Helmholtz coil.  

2.  Fiber Bragg Gratings sensors principles 

A FBG sensor operates as a wavelength filter, which is built performing a periodic perturbation of the effective 

refractive index in the core of an optical fiber [5]. A broad-spectrum light source is used to feed the optical fiber that 

contains the FBG sensor. When this wave arrives to the FBG sensor, almost all of the incident light is transmitted, 

excluding one specific wavelength that satisfies the Bragg condition  B defined in Equation (1): 

                 (1) 

where ηeff is the effective refractive index, and   is the periodic space between each grating. When the FBG sensor 

is exposed to strain (Δl) or temperature changes (ΔT),   is affected inducing a shift in the reflected wavelength [5]. 

This shift induced in the Bragg wavelength (Δ B) is proportional to the external change, and it can be quantified 

with Equation (2), as follows:  

         (2)  
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It is possible to calculate a value for both coefficients that accompany the temperature and strain changes in 

Equation (2). These coefficients are also known as temperature and strain sensitivity and their typical values are 

around 12 pm·°C-1 and 1.2 pm·µε-1, respectively. More accurate values could be obtained through a sensor 

calibration. 

3.  Experimental setup 

The complete experimental setup for the magnetostrictive material is depicted in Figure 1. The main objective of the 

characterization process is to obtain a magnetic field vs. an induced strain curve for the material sample. In order to 

get this curve, two bare FBG sensors placed in a magnetostrictive material sample are used to monitor its strain and 

temperature changes. The reflected wavelengths of the FBGs are acquired using a FBG sensors interrogator (Micron 

Optics sm125), and processed to obtain the corresponding values of strain shifts. Then, a Helmholtz coil is used to 

generate a time-variant magnetic field. The material sample is placed in between the plates of the Helmholtz coil. To 

monitor the effective magnetic field produced, a teslameter (FW Bell 8010) with a magnetic field probe is deployed 

in the same place. This equipment is connected via Ethernet to a computer that collects all the data and process the 

results. 

FBGε

FBGT

Magnetostrictive
material
sample

FBG 
Interrogator

Teslameter
Field Probe

PC

Helmholtz coil

Helmholtz coil

RS232

Ethernet

 
Figure 1. Experimental setup used to characterize the magnetostrictive material sample.  

 

One of the main challenges of the measurement was the deployment of the FBG sensor between the plates of the 

Helmholtz coil, mainly because of the small gap between them. Figure 2 shows a frontal view of this device. In 

order to place the material sample inside the coil, a 3D printed holder was designed and implemented. As shown in 

Figure 2, the sensors were fabricated using low bend loss fiber, due to the small curvature radius of the fiber at the 

bottom. Another challenge was the size of the material sample, which is a cylinder of manganese ferrite (MnFe2O4) 

with a diameter of 3.5 mm, hereby, 3 mm long FBG sensors were fabricated and fixed to the sample.  

 

 

Helmholtz coil

Material 

sample

Material 

and 

FBG 

Holder

FBG 

connector

 
Figure 2. Helmholtz coil used for the experimental setup with the material sample and FBG sensor.  
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4. Current results. 

Due to requirements of the complete experimental setup, FBG sensors of temperature and strain were characterized. 

The first one is a polyamide-coated FBG temperature sensor with a Bragg wavelength of 1550 nm. It has a 

minimum bend radius of 1.5 mm and a length of 3 mm. The sensor was placed inside a temperature oven, whose 

temperature varied between 30 ºC and 90 ºC. Temperature measurement was performed in a 3 minutes time interval, 

leaving 90 data points in each one to be averaged. Figure 3 shows the wavelength as a function of temperature for 

the FBG sensor, which indicates a sensitivity of approximately 8.40 pm·ºC-1. Results showed that the FBG sensor 

has a linear response at least in the range that it was characterized.  

 

 
Figure 3. Polyamide-coated FBG sensor characterized as a function of temperature. 

 

The second FBG sensor is a polyamide-coated FBG strain sensor with Bragg wavelength of 1535 nm, 3mm length 

and a minimum bend radius of 1.5 mm. During the characterization experiment, the FBG sensor was fixed to a 

mechanical structure that induces strain shifts using a micrometer head (Thorlabs 150-801ME) with steps of 10 µm. 

During the experiment, strain shifts between 0 µɛ and 3500 µɛ were performed. Each measurement of strain is done 

in a 3 minutes time interval, averaging 90 data points for each one. Figure 4 depicts the Bragg wavelength as a 

function of strain for the FBG sensor, which indicates a sensitivity of 1.203 pm·µɛ-1. Despite the fact that 

measurements were not done with a uniform step, results well demonstrate the linearity in strain response of the 

polyamide FBG sensor in a wide range. 

 

 
Figure 4. Polyamide coated FBG sensor characterized as a function of strain. 
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5.  Conclusions 

In this paper we presented the temperature and strain characterization of two FBG sensors. This is part of an 

ongoing work made to detect a magnetic transition in a magnetostrictive material. These sensors were constructed in 

a customized way to fulfill this specific application. On the one hand, the FBG temperature sensor has a sensitivity 

of 8.40 pm·ºC-1. On the other hand, the strain FBG sensor gets a sensitivity of 1.20 pm·µɛ-1. The characteristics of 

both FBG sensors are demonstrated in a wide temperature and strain range, which makes them suitable to use in the 

sample magnetostrictive material sample to obtain a magnetic field vs. an induced strain curve.  
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 Abstract: A simple and low-cost concept of fiber-optic arc sensor based on single mode-multimode-single mode 

(SMS) structure is reported. The output power intensity of SMS bend sensors may increase or decrease with the rise 

of curvature, depending on Multimodal Interference (MMI) conditions. In order to avoid slope inversions due to wide 

range bend applications, it is possible to choose a fixed curvature radius and let MMI effects happen due to arc 

variation, as demonstrated with experimental tests. Absolute output power peak sensitivity of 2.65 dB/cm is reported. 

 

1. Introduction 

Several bend sensors have been proposed based on: misalignment between the light transmitter and receiver [1,2], 

Michelson interferometer [3], fiber bending loss induced by flow stream [4], cantilever structures [5], Fabry-Perot 

cavity [6], and a variety of Fiber Bragg Gratings devices [7,8]. Besides that singlemode-multimode-singlemode 

(SMS) devices have been investigated as bend sensor and flow measurement where the sensor element is dragged 

by a flow stream. 

This work proposes a simple and low-cost optical fiber SMS arc sensor in which the bending effect can be 

caused by any applied force or flow rate acting over the fiber sensor. Such device can be used as flow rate meter, 

anemometer, stall detector in airplane aerodynamic surfaces and also as a general bending sensor. MMI self-image 

condition is used to allows higher output power evaluation, since nearly the input light power is replicated at this 

point. Among many advantages of the proposed fiber sensor we can point out its electromagnetic immunity, 

resistance to corrosion and, as it virtually doesn’t create obstruction to flow, there is no pressure loss. 

In section 2 the basic principles of the SMS sensor are presented. In section 3 the MMI bend effects on the 

output power slope inversions are discussed. Experimental measurements where implemented to confirm that 

behavior. The arc sensing mechanism is described in section 4 along with the experimental setup. In section 5 

experimental results are discussed including sensitivity report. In section 6 the conclusions are exposed due to the 

utilization of the proposed sensor as an arc sensor. 

 

2. Basic Principles 

SMS is typically an optical configuration obtained by splicing a multimode fiber (MMF) piece between two single 

mode (SMF) fibers. The electromagnetic field from the SMF segment is coupled to several modes into the MMF 

section and the multimode interferometry happens due to constructive and destructive interferences along the 

fiber. At the end of the MMF segment the light is coupled to the last SMF segment where its intensity depends on 

the amplitudes and relative phases of the several modes at the exit end of the MMF. Fig. 1 depicts the SMS 

structure. The experimental SMF segments are standard Corning SMF-28 and MMF is a no-core fiber with 125 

µm diameter, which is basically a cylinder of silica. 

 

Fig. 1. SMS general structure. 

A periodic disposition found along the direction of propagation where field concentration occurs due to 

constructive interference among the guided modes leads to the self-imaging effect where the light field at the input 

of the MMF section is nearly reproduced at a defined propagation distance for a determined wavelength in both 

amplitude and phase. The first self-image distance from the MMF light input is given by [9,10], 
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𝑍𝑠𝑒𝑙𝑓−𝑖𝑚𝑎𝑔𝑖𝑛𝑔 =  
4𝑛𝑐𝑜𝑟𝑒𝑑2

𝜆
   ,                             (1) 

where ncore is the refractive index of the MMF fiber, d is its diameter and λ is the wavelength of the light source.  

 

3. Bending effect on the output power profile 

 

The way SMS bend sensors output power behave as a function of the curvature radius (Rc) is directly associated 

to the power distribution in the MMF excited modes and how they interfere when bending is applied. Total power 

at the SMS output depends on the constructive and destructive interferences in amplitude and phase caused by 

each mode and the total effect is the sum of the contributions. At first impression it may seem that the total output 

power will lower with the rise of curvature, or reduction of the curvature radius, due to loss attenuation. This is 

not entirely true. The output power intensity as a function of the curvature radius has alternate slopes since the 

contributions of each mode to the constructive and destructive interferences along the propagation varies with the 

bending radius, which changes the transverse energy distribution in a manner that in some ranges the output power 

decreases when the bending radius decreases and in others it has the opposite behavior. Another contribution to 

this comportment is the field deformation caused by curvature. The fields in low order modes may be changed by 

curvature and so the losses, as depicted in [11], since it shifts away from the axis in the direction opposite to the 

center of curvature and narrows as it shifts. The losses of modes that are deformed by curvature actually decrease 

if the narrowing effect happens. Wide fields are more affected by curvature loss than narrow field distributions. 

       Each mode has its specific response to curvature, since each one has its own coupled power, amplitude and 

phase contributions, with its effective refractive index. The lower order modes are more paraxial at the self-image 

region and, therefore, less sensitive to high curvature radius, which is the opposite of the higher order modes 

which are more external [12]. It is not expected that amplitude and phase will match the same way among several 

propagating modes as the curvature is increased. Therefore, the sum of the contributions is not linear neither 

continuously increases with curvature radius. 

Experimental tests were made to confirm this alternating slope behavior. Fig. 2(a) shows the experimental 

setup built to measure the transmitted light power through a SMS sensor as a function of the bending radius. The 

bending effect was obtained using a micro positioner with resolution of 10 µm. The sensor was placed at half 

distance between the two posts and the curvature, which is the inverse of the curvature radius, is given by [13], 

 

𝐶 =  
1

𝑅𝑐
 ≅  

4

𝐿0
 (𝐿0

2 − (𝐿0 −  ∆𝐿)2)
1

2  ,                                           (2) 

 

where L0 is the initial distance and ΔL is the distance variation. 

 

The experimental results of the bending sensor are shown in Fig. 2(b) where the output power profile is 

obtained for a wide range of bending radius. The light source was a wide band light source (Thorlabs Fiber 

Coupled SLD) and the interrogator is a commercial OSA (Optical Spectrum Analyzer). The MMF segment uses 

the self-image condition stated in Eq. (1) and has a length of 55.98 mm (λ = 1611.5 nm). 

 

        

(a)         (b) 

 
Fig. 2. (a) Experimental setup to measure bending effect on the SMS sensor and (b) experimental results. 
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4. Flow sensing principle and experimental setup 

 

A schematic diagram of the experimental setup is shown in Fig. 3(a). The SMS arc sensor experiment uses the 

same fibers and equipment of the bending experiment shown at Fig. 2(a). The light emitted from the wideband 

source is guided into the sensor and transmitted to the OSA. The micropositioner is used to push the tip of the 

MMF segment in steps of 0.5 mm, forcing the sensor to bend along the boundary of the circular support with 

constant curvature radius of 670 mm. Fig. 3(b) shows the resulting spectra variation due to the arc described by 

the sensor as a function of the tip shifting steps. The corresponding arc lengths are listed at the right side of the 

figure. 

 

      
   (a)          (b) 

Fig. 3. (a) SMS fiber optic sensor using a Rc = 670 mm circular support and (b) experimental results. 

 

5. Experimental Results and Discussions 

The bending experiment shown in Fig. 2 demonstrates that the output power as a function of the curvature radius 

has slope inversions. It is possible to avoid that behavior in applications where a wide range of curvature radius 

is imposed by the experiment nature, using a circular support with a fixed curvature radius and let MMI effects 

happen due to arc variation, as demonstrated with the experiment illustrated in Fig. 3. Little changes in the 

experiment with fabricated arc sensor, as inaccurate cleavage position of MMF section, led to a spectral peak at 

wavelength λ = 1571.7 nm, meaning that the MMF segment has length of 57.41 mm, as established using Eq. (1) 

with the refraction index updated by the well-known Sellmeier equation [14]. Fig. 4(a) shows the transmitted 

power intensity as a function of the arc length at the peak wavelength. The red solid line is a polynomial fitting of 

order 2. Fig. 4(b) shows the sensitivity of the sensor to arc variation. 

 

               

      (a)                (b)    
Fig. 4. (a) Output power intensity for the spectral peak at λ = 1571.7 nm as a function of the arc length with a polynomial fitting of order 2 

as the solid line and (b) Sensitivity for the experimented sensor. 

 

 

The spectral peak is the wavelength where the higher number of constructive interferences happens, which 

corresponds to the self-image distance. Therefore, at this wavelength the sensor is more sensitive to bend 
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variations, as can be stated from Fig. 3(b). As the peak wavelength has no significant spectral displacement, the 

sensor interrogation is based on power amplitude. For the spectral peak, the sensitivity has an absolute maximum 

value of 2.65 dB/cm and, in the experimented range of arc variation, the average sensitivity is 0.95 dB/cm. 

 

6. Conclusions  

    A simple and low-cost concept of a transmission optical fiber arc sensor using SMS structure implementing 

multimode interference has been described and investigated. The output power slope inversions of the bend sensor 

with the curvature radius has been experimentally demonstrated. It is possible to avoid that behavior in 

applications where a wide range of curvature radius is imposed by the experiment nature, using a circular support 

with a determined curvature radius. The bending effect on the arc variation of the sensor along the circular 

boundary of the support changes the MMI patterns and, therefore, the output light spectra. Experimental data 

demonstrate that there is a clear relation between the sensor light output power and arc variation produced by the 

bending agent. This type of sensor can be used in a wide variety of applications. Inside a pipe, the sensor is 

naturally used as velocity and flow rate sensor. In free space it can be used as an anemometer or other important 

applications, such as stall detector for aerodynamic surfaces and displacement sensor for moving system as 

mechanic ramps, for instance. A reflective simple and low-cost of optical fiber arc sensor device using SMS-MMI 

structure is reported in a subsequent text to be submitted. Experimental results attest the relation between the 

sensor light output power and arc variation produced by the bending forces. The MMF segment with half self-

image length, due to the reflection effect, has it end coated with gold film. This structure is more suitable for 

practical sensor devices in applications like flow sensor when placed inside a pipe. 
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Abstract: In this paper, an external refractive index sensor is presented based on a graphene oxide 

coated long period grating and based on creating a stable graphene oxide coating on the fibre surface 

using a drop casting technique. The wavelength shift sensitivity was enhanced by 43% compared to 

the response of a bare long period grating when used to monitor external refractive index. 

1. Introduction 

 

Fibre optic sensors are preferred over electrical sensors due to their small size, immunity to electromagnetic 

interference, multiplexing capability, ability to be deployed in very hazardous environments and bio-compatibility 

[1]. For these reasons, optical fibre sensors are continuing to gain attention among researchers in the last decade. 

 

Fibre Bragg Grating (FBG)-based sensors, tapered fibre sensors, tilted and chirped Fibre Bragg Grating 

sensors, interferometric-based sensors, and long period grating (LPG) based sensors are examples of the most 

common types of optical fibre sensors [2]. Among these, when it comes to external refractive index (RI) sensing, 

LPG-based sensors show a significant advantage over other types of optical fibre sensors due to their simplicity, 

low production cost and an enhanced light-matter interaction at the fibre cladding/surrounding jacket interface. 

 

Graphene oxide (GO) is a nanomaterial that has been researched extensively since the discovery of graphene 

itself in 2004 [3]. Due to its unique two dimensional nature, along with the oxygen containing group at the end of 

the single layer graphene sheets, GO shows unique properties allowing excellent sensor fabrication, such as the 

tunability of the conductivity, high surface-to-volume ratio, ability to be dispersed in most of organic and 

inorganic compounds, ability to be functionalized with various nanomaterials and structures and tuneable optical 

properties [4]. 

 

In this work, GO has been coated on a Long Period Grating (LPG) to fabricate an enhanced optical fibre-

based external RI sensor. To calibrate the device, NaCl solutions of different concentrations were prepared and 

the RI values of these solutions were measured in room temperature with an Abbe refractometer at the wavelength 

of 500 nm. The external RI response of the fabricated GO-coated LPG sensor was recorded over a lower RIU 

range of 1.33 to 1.38. Such a RI range is of high importance when it comes to biosensors, as the RI of most of the 

common bio-fluids lies in that range. 

 

2. Theoretical Background 

In an optical fiber, the effective RI associated with the cladding modes is based on two factors, the RI of the core, 

cladding, and the RI of the surrounding medium. Therefore, when the RI of the surrounding medium changes, (in 

this case that of the GO overlay), it results in a shift of the resonance wavelength. The wavelength of a resonance 

loss band λres is governed [5] by equation (1) where,  

 

     λ𝑟𝑒𝑠 = (𝑛𝑐𝑜𝑟𝑒
𝑒𝑓𝑓

− 𝑛𝑐𝑙𝑎𝑑𝑑.𝑚
𝑒𝑓𝑓

)Λ𝐿𝑃𝐺    (1) 

 

𝑛𝑐𝑜𝑟𝑒
𝑒𝑓𝑓

 is the effective RI associated with the fundamental core mode and 𝑛𝑐𝑙𝑎𝑑𝑑.𝑚
𝑒𝑓𝑓

 is the effective RI for the mth 

order cladding mode. ΛLPG represents the grating period of the LPG. The variations of the wavelength peaks of 

the resonance loss bands of a LPG can be explained by this phenomenon. 

 

 

Proceedings of the Latin American Workshop on Optical Fiber Sensors, Rio de Janeiro (Brazil), 2019 18

Copyright SBMO 2019



 

 

3. Sensor Fabrication 

The LPGs used in this work were fabricated by exposing a Fibrecore (PS1250/1500) B/Ge co-doped 

photosensitive fibre to the light from a 248 nm KrF excimer laser through a metal amplitude mask of pitch 250 

µm. The laser pulse energy was set to 10 mJ, with a pulse repetition rate at 100 Hz. 3 cm of the photosensitive 

fibre length was exposed to the UV light for 4 minutes and 30 seconds to complete the LPG inscription process. 

Following that, to stabilize the sensor performance, the LPGs were annealed at 100º C for three hours. 

GO used in this research was synthesised by using an improved version of the Hummer’s methods as 

discussed in prior work [6]. Using this method involved 0.5 g of this prepared GO flakes being dispersed in 10 ml 

of deionized (DI) water by using an ultrasonic bath for 2 hours. The GO aqueous dispersion prepared in this way 

was then centrifuged at 3000 rpm, for 15 minutes, and the supernatant was used to coat the optical fibre surface.  

After cleaning with 99% pure isopropyl alcohol (IPA), the LPG was first placed on a metal groove. Then 

~200 µl of the prepared GO supernatant was poured onto this groove and the LPG was left at 70º C for 1 hour to 

coat the fibre surface with GO using a drop casting technique. This method was repeated twice to achieve an 

efficient and stable GO-coating on the fibre surface. 

Fig. 1(a) depicts the transmission spectrum of the LP08 mode of this GO coated LPG sensor, before and after 

GO deposition, these being shown by the black and red lines, respectively. A SEM image of the fibre surface after 

the GO deposition had been carried out, is shown in Fig. 1(b). These results indicate that an efficient and 

sufficiently uniform GO overlay was achieved by using relatively simple and easy to reproduce coating technique. 

The red highlighted section in fig. 1(b) also shows an evidence of the cubic shaped NaCl crystals deposited on the 

fibre surface after carrying out the experiment. The thickness of the GO layer was measured from the image to be 

~115 nm. 

Fig. 1 (a). Transmission spectrum of the LPG (b) SEM image of the GO-coated LPG. 

3.1. Experimental Setup 

Fig. 2. Schematic of the experimental setup used to measure external RI response 

(a) (b) 
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To record the external RI response of the GO coated LPG sensor, one end of the probe was connected to a 

broadband halogen light source and the other end to an optical spectrum analyser, as shown in Fig. 2. Then the 

sensor probe was carefully placed on two fibre holders and a pipette was used to drop NaCl solutions of different 

concentrations (and thus of different refractive indices) onto the microscope slide. The slide was then pushed up 

using the lab jack so that the GO coated LPG section was covered with the NaCl solution. At this point, the 

tranmission spectrum of the LP08 mode was recorded, this being repeated for each of the different refractive 

indices of the NaCl solutions used. All the experiements were conducted at room temperature (22º C). 

4. Results and Discussion 

 

The resonance loss band, which corresponds to the highest order cladding mode, in this case the LP08 (lowest 

attenuation point at 1511 nm), was chosen to be interrogated, as opposed to the other loss bands of the GO-coated 

LPG, due to its improved sensitivity to the external RI. The recorded transmission spectra of this LP08 resonance 

loss band of the GO-coated LPG probe plotted against different NaCl refractive indices are presented in Fig. 3(a). 

With the increasing external RI values used, a blue shift of the resonance wavelength and a decrement of the 

intensity were observed.  

 
Fig. 3 (a) Transmission spectra of GO coated LPG against different RI solutions of NaCl solutions, (b) amplitude shift vs external RI (c) 

wavelength of the resonance band vs external RI 

 

Fig. 3(b) shows the wavelength shift of the GO-coated LPG with increasing external refractive index solution 

on the coating. The LPG sensors was not cleaned after each refractive index change. Therefore, a cumulative 

effect of the external refractive index change can be seen in our LPG response. To investigate further this response, 

it has been compared with the external RI response of an uncoated (bare) LPG to provide a comparison. A good 

linear response of the wavelength shift against the increasing external RI was recorded in the range of 1.33 – 1.38 

RIU, with a linear correlation coefficient of 0.9929. This leads to a sensitivity of 152.1 nm/RIU compared to the 
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106.4 nm/RIU sensitivity of a bare LPG, which indicates an improvement in the sensitivity of 43%. The observed 

wavelength shift can be explained in two ways. Firstly, the GO layer changes its optical properties, such as 

refractive index when it is in contact with the NaCl solution. This leads to a change in effective RI seen by the 

cladding modes, which eventually leads to a shift in the resonance wavelength. Secondly, as stated in the work of 

Zeheng et al [7], the d-spacing between two GO nano-layers changes in the presence of NaCl, which results in a 

change of thickness of the GO layer deposited on the LPG fibre surface. This phenomenon can also account for 

the observed resonance wavelength shift.  

Fig. 3(c) illustrates the intensity change of the output of the GO-coated LPG sensor probe with increasing 

external RI, compared to the response seen from a bare LPG. A linear response of the intensity change against the 

increasing external RI was observed in the range of 1.33 - 1.38 RIU, with a linear correlation coefficient of 0.9502. 

This leads to a sensitivity of 31.84 dB/RIU compared to the 5.24 dB/RIU sensitivity of the bare LPG, which shows 

an improvement in the sensitivity of 507.6%. The RI change induced by the GO-based thin layer affects the 
coupling coefficient of the core and cladding modes and this results in the change of intensity of the resonance 

loss bands which is seen in [5]. This shows the operation of the sensor device. 

5. Conclusion 

A GO-coated LPG based external RI sensor has been presented as a promising way to develop a sensor 

scheme for both physical and bio-fluids by exploiting an important optical property of the GO-layer which changes 

its RI based on the surrounding medium. The GO-layer was deposited on the fibre surface successfully by using 

a drop casting technique. A very satisfactory linear response of the wavelength shift was recorded in the external 

RI range from 1.33 to 1.38 RIU, which led to a 43% improvement of the sensitivity, compared to the response of 

a bare LPG. Further, a much higher sensitivity was achieved for the intensity change against external RI, taking 

into account the interrogation efficiency and pointing to the interrogating wavelength shift being the way forward 

in the fabrication of GO-coated LPG based biosensors. In the future, work can be developed on the GO coating 

overlay which potentially could be functionalized with bioreceptors for a specific biosensing applications, 

building on the foundation in this paper of coated grating sensors. 
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Abstract: In this work, a solid substrate for Surface Enhanced Raman Spectroscopy was 

developed and characterized. The interaction of silver nanoparticles with the probe molecule 

rhodamine 6G was compared for both liquid and solid substrates. Parameters of the solid 

substrate were optimized for use with an optical fiber Raman spectrometer. 

 

1. Introduction 

Surface Enhanced Raman Spectroscopy (SERS) is a powerful technique that extends the applications of 

traditional Raman spectroscopy, normally impaired by a poor signal-to-noise ratio. The enhancement is 

observed when an analyte is adsorbed on or is close to a specially designed metal surface. This kind of 

spectroscopy has shown prospective applications in the fields of biochemistry, forensics, food and beverage 

safety, environmental control and medical diagnosis [1]. Under appropriate circumstances, enhancements of 14 

magnitude orders can be reached, making possible the identification of organic compounds in sub-micromolar 

concentrations or even single molecules [2]. 

The development of active SERS substrates with nanoparticles of noble metals is a key step for the 

detection and characterization of substances at the molecular level [3]. Nanostructures deposited on solid 

substrates present increased enhancement factors when compared with colloidal substrates due to the facility of 

the former in producing the so-called hot spots, well-defined regions where the electromagnetic fields are 

maximized. However, there are technological challenges for producing reproducible and uniform solid SERS 

substrates with large number of such hot spots [4].  

In this work, a solid substrate for SERS was developed using silver nanoparticles produced by laser ablation 

in liquid as enhancement medium. As probe molecule, rhodamine 6G was chosen owing to its high efficiency 

for Raman scattering [5].  

 

2. Materials and Methods 

 

Silver nanoparticles (AgNPs) were produced by laser ablation of a silver plate in liquid solution. The light of a 

Nd:YAG (New Wave, Tempest 20, 532 nm,  3-5 ns pulse width) was focused by a 15 cm focal length lens onto 

a silver plate (Sigma Aldrich®, 99,9% CAS: 6440-22) submersed in 10 mL of a 0.1 mM dihydrate sodium 

citrate solution (Biotec®, 99%) in a glass beaker. Ablation was carried out at 17 mJ laser pulse energy, 10 Hz 

pulse rate along 20 minutes at a room temperature of approximately 22 ºC. A polytetrafluoroethylene (PTFE) 

membrane filter (22 µm pore diameter) presenting one rough and one smooth side was used as base for the solid 

substrate for SERS. Samples for SERS measurements in liquid substrate (R6G-AgNPs) were prepared using 

1.95 mL of the AgNPs colloid and 50 L of rhodamine 6G (R6G, Sigma Aldrich®, solution @ 10
-3

 mM 

concentration). For the solid substrate, drops (7 µL) of the R6G-AgNPs colloid were transferred to the PTFE 

membrane and allowed to dry. 

UV-Vis extinction/absorption spectra of samples were measured with an optical fiber spectrometer (Ocean 

Optics, HR4000, 6.6 nm resolution) and a tungsten halogen lamp (Ocean Optics, LS-01), connected by optical 

fibers to a cuvette holder (Ocean Optics, CUV-ALL-UV). Raman spectra were measured by an optical fiber 

spectrometer (StellarNet, HR-TEC-X2, 200 - 3900 cm
-1

, 4 cm
-1

 resolution) excited by a 638 nm, 50 mW 

spectrum stabilized single-mode semiconductor laser (StellarNet, Lab-LS-638), plus an optical fiber Raman 

probe (StellarNet, Raman-Probe-638). For liquid samples it was used a vial & probe holder (StellarNet, RPH4) 

and for solid samples an Olympus CX31 microscope (4x, 10x and 40x objectives). 

The produced solid substrates were tested by individually analyzing the hole of the following parameters: 

roughness versus smoothness of PTFE membrane side; microscope objective lens magnification (4x, 10x, 40x); 

PTFE drying time and colloid pH. Changes in the pH of AgNPs colloids were accomplished by adding minute 

amounts of H2SO4 or NaOH. When not otherwise specified, colloids present pH = 7. SERS intensities for liquid 

and solid substrates were compared in the experiments. 
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3. Results and Discussion 

 

The interaction between the AgNPs and the analyte was verified by the UV-Vis spectra of the liquid samples. 

Figure 1 shows UV-Vis spectra of AgNPs, R6G and the interaction between them. The interaction gives rise to a 

band around 600 nm that increases at the expense of both the AgNPs plasmon band at 397 nm and the R6G band 

at 527 nm. 

 
Fig. 1. UV-Vis spectra of: (a) the plasmon band of the AgNPs colloid, (b) the optical absorption spectrum of R6G in water and (c) the 

resulting interaction between AnNPs and R6G at pH = 7. 
 

Figure 2 presents the SERS spectra of R6G in liquid (pH = 7) and solid substrates (smooth side) dried for 3 

hours at room temperature. In order to compare the SERS intensity for liquid and solid substrates, an 

intensification of 15x was obtained for the solid substrate by employing the relative intensities of the typical 

R6G normal Raman band around 1510 cm
-1

 (SERS at 1517 cm
-1

 and 1514 cm
-1

 in AgNP liquid and solid 

substrates, respectively). 

 
Fig. 2. SERS spectra of R6G collected with integration time of 3000 ms and with the 10x objective: (a) for the liquid substrate, (b) for the 

solid substrate and (c) a comparison between them.  
 

Figure 3(a) shows the comparative performances of the solid substrates for SERS of R6G-AgNPs on PTFE 

concerning to the topological characteristic of the PTFE membrane.  By using again the typical R6G normal 

Raman band around 1510 cm
-1

, an intensification of 2.8x was experienced on the rough side comparatively to 

the smooth side. In Figure 3(b) is shown a comparison of the normal Raman bands characteristic of the PTFE 

itself. The same bands are present on both sides of the membrane, although the intensity is lower in the rough 

side. As such scattering is superimposed to the R6G bands as noise, there is an extra advantage in using the 

smooth side of the PTFE membrane. Figures 3(c) and 3(d) present the aspect of smooth and rough sides of 

PTFE membrane, seen under the microscope objective with magnification of 10x. The fibers that constitute the 

PTFE are more exposed on the rough side than on the smooth side, what accounts for the more intense normal 

Raman bands on the rough side. 

Figure 4 shows the influence of the objective lens magnification in the SERS spectrum of R6G-AgNPs at 

1510 cm
-1

. An intensification of 7.4x is obtained for 10x objective comparatively to the 4x. For the 40x 

objective the signal is mainly dominated by fluorescence (the higher bandwidth signal superimposed to the 

Raman bands), what makes difficult to quantify the SERS intensity. 

Figure 5 shows the influence of the solid substrate drying time in the SERS signal. The black line 

corresponds to the R6G-AnNPs on PTFE dried along 3 hours at room temperature (22 C), whereas the red line 

is for a drying time of 15 minutes under the light from a 70 W incandescent lamp (60 C).  An intensification of 

2.4x is obtained for the lower drying time at 1510 cm
-1

. The decrease in the SERS signal for longer drying times 

can be caused by an oxidative process of the AgNPs when in contact with the air, decreasing the interaction 

between the nanoparticles and the R6G. 
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Fig. 3: (a) SERS spectra of R6G-AgNPs on PTFE (5000 ms integration time, 10x objective), (b) Normal Raman spectra from PTFE, 
smooth and rough sides (20000 ms integration time, 10x objective), (c) PTFE smooth side, (d) PTFE rough side. 

 

 
Fig. 4. SERS spectra of R6G-AgNPs for three microscope objectives (3000 ms integration time). 

 

 

 
Fig. 5.  SERS spectra of R6G-AgNPs for different drying times (3000 ms integration time, 10x objective). 
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In Figure 6 is presented the effect of the AgNPs colloid pH in the interaction R6G-nanoparticles. The most 

intense interaction, characterized by the arising of a UV-Vis band at 600 nm, is attained for a pH = 5, Figure 

6(a). The intensification at 1500 cm
-1

 (ratio of intensities solid/liquid substrates) is calculated as 2.6x (pH = 3), 

6.0x (pH = 5) and 13.7x (pH = 7). As expected from the behavior depicted in Figure 6(a), the SERS signal for 

both substrates is more intense at pH = 5, although the comparative intensification is higher for pH = 7. The 

increase in the SERS signal for pH = 5 is attributed to the decrease in the plasmon band at 400 nm, followed by 

an important increase in the interaction band at 600 nm. On the other hand, the decrease in the SERS signal for 

pH = 3 is associated to a reduction in the plasmon band without a corresponding increase in the interaction band. 

Such effect can be caused by an excessive oxidation of AgNPs at lower pH values, reducing the number of 

AgNPs available for the interaction with the R6G molecules. 

 

 
Fig. 6. (a) UV-Vis extinction spectra for R6G-AgNPs at different pH, (b) SERS for liquid substrate at different pH (3000 ms 

integration time, 10x objective), (c) SERS for solid substrate at different pH (3000 ms integration time, 10x objective). 

  

 

4. Conclusion  

 

This work discuss the characteristics of a PTFE solid substrate developed for SERS. Under the experimental 

conditions of the work, the solid substrate revealed a better performance for SERS when compared with the 

liquid substrate. It was determined a set of parameters that allows obtaining the higher SERS signals, 

comparatively to the AgNPs liquid substrate. The parameters that optimize the SERS spectrum of the solid 

substrate are: smooth side of the PTFE membrane, 10x objective of the optical fiber Raman microscope, forced 

drying of the substrate at 60 C for 15 minutes and pH = 5 of AgNPs colloid. 

Although the technique developed in this work uses R6G as probe molecule, the results can be extended for 

a variety of other analytes. As example, the technique can be adapted for detection of pesticides in water and 

used as an auxiliary technique to determine the potability standards. The use of optical fiber to integrate all the 

components requires minimum alignment for the sensor, what in turn makes it adequate for field measurements.  

An advantage of the developed technique when compared to other similar studies in the literature [6] 

resides in the fact that no lubricant additives are used, reducing the appearance of interfering lines in the Raman 

spectrum. In addition, as the AgNPs are produced by laser ablation in a top-down technique, the presence of 

chemical components is reduced when compared to the bottom-up techniques, further contributing to achieve 

simpler spectra. 
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Abstract: In this paper it is presented preliminary results in the development of a sensor to 
monitor the fermentation process of beers in real time based on Etched Fibre Bragg Gratings 
(EFBG). The experiments show that these sensors are extremely responsive to the density 
variations, which makes them useful for the monitoring beer fermentation.  

1. Introduction 

Beer is a beverage obtained from the alcoholic fermentation of wort made mainly of malt, water and yeast. 
Besides the different types of ingredients that can be used, the brewing process has an important role in the 
production of a specific beer style. This process includes mashing, lautering, boiling, fermenting and 
conditioning. Thus, in order to have reproducibility of the final product, the breweries should control 
temperature and specific gravity during each step [1]. 

The most critical step in the brewing process is the fermentation by which yeast converts fermentable 
sugars to alcohol and carbon dioxide gas. Fermentation is sensitive to temperature, pH, and wort composition 
and these variables interfere in the biochemical processes carried out by yeasts modifying the sensorial profile 
(esters, high molecular weight alcohols, sulfur compounds and other) of the final product. At this stage, there 
are also risks of contamination if the inoculum does not have enough yeast [2]. 

During the fermentation, while the yeast transforms the fermentable sugars into alcohol the specific 
gravity of the wort decreases until there are no more sugars to be transformed. At that point, the beer should be 
maturated for weeks depending of the beer style. In the brewing industry, the control of the specific gravity is 
done using handheld hydrometers or refractometers that an operator has to collect a sample in regular intervals 
. It is a manual procedure that increases the possibility batch contamination. Another factor that needs to be 
monitored is the temperature of the wort, since the fermentation an exothermic process and the tanks need to 
be cooled in order to maintain the proper temperature [2]. 

Optical sensors rise as an interesting alternative to chemical and bio-chemical applications due to some 
unique characteristics high sensitive and fast response. In recent years, fibre Bragg grating sensors have been 
widely used in many sensing applications including temperature, strain and pressure measurements [3]. An 
FBG based refractometer is an attractive RI sensor due to the advantages cited above. An FBG based 
refractometer was first reported by Asseh et al. in 1998 using an etched FBG as refractive index (RI) sensor [4] 
and recently have been used to realize a concentration sensor [5]. This paper reports the spectral (response) 
characteristics of the FBG sensor to density concentrations which can use in a measurement of beer 
fermentation. 

2. Etched Fibre Bragg Gratings  
The Bragg resonance wavelength condition can be expressed as [6]: 

𝜆" = 2𝑛&''𝛬	      (1) 

where 𝑛&'' is the effective refractive index of the fiber, 𝛬 is the grating pitch, and 𝜆"	is the reflected Bragg 
wavelength (Fig. 1). In FBG sensors, the effective refractive index of the fundamental mode is practically 
independent of the refractive index of the medium surrounding by the cladding [7]. However, if the cladding 
diameter is reduced (Fig. 1), 𝑛&''		shows a non-linear dependence on the external medium as well as the Bragg 
wavelength [8]. The cladding reduction enhances the evanescent wave, which interacts with the external 
refractive index changing the 𝑛&''	 inducing a shift of 𝜆".  
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(a)     (b) 

Fig. 1. Fiber Bragg grating: (a) standard and (b) etched. 

3. The Fermentation Etched Fibre Bragg Gratings Sensor 
To produces the EFBG sensor first the FGB was written in an optical fibre and after it was etched. The FBG 

were inscribed on Fibracem single mode fibre (SM 9/125). Then, the grating was recorded using phase-mask 
technique with a pulsed ArF excimer laser (Xantos XS, Coherent, 193 nm) operating at 250 Hz with 4 mJ over 
4 minutes and and IBSEN phase mask (1552.13 and 1541.5 nm, unchirped). The grating spectra was 
monitored during the fabrication process by and optical spectrum analyzer (OSA - Yokogawa, AQ6375, ± 5 
pm of wavelength stability) connected to an optical circulator and an amplified spontaneous emission (ASE). 
After the fibre was fixed in a rod, Fig. 3, of polyvinyl chloride (PVC) with an acrylic resin, which does not 
react with the acid, and it was etched by submerging it in an hydrofluoric acid (HF) solution. The fibre 
becomes extremely fragile after the etching due to the diameter around 7 µm (Fig. 5).  

As it can be seen in Fig. 2, the rod has two “windows”, one for the EFBG and the other window to have a 
FBG to sensor the temperature. Notice that the latter was not used in this work and experiment are still in 
progress. The idea is to measure temperature and specific gravity using just one fibre [10, 11]. 

 

Fig. 2 The fibre with two sensors FBG fixed in the road before chemical etching. 

The EFBG was etched in 40% hydrofluoric acid (HF) solution and in Fig. 4 it can be seen an schematic 
diagram of the experimental setup to prepare the sensor. The spectrum of the ASE reflected by FBG was 
measured by the OSA while the FBG was etching. Then, the etching was stopped when the wavelength of 
FBG was shifted 5 nm, it means that the EFPG reaches the maximum sensibility according to theoretical and 
experimental results [12]. The etching process is neutralized by immersing the fibre in aqueous solution of 
sodium hydroxide (NaOH, 2 M). After that, the fibres were washed with distilled water and dried in air. 

 
Fig. 3. Schematic diagram of the setup for sensor preparation. 
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In Fig. 4 it is shown the SEM picture of the FBG after the etching process and in Fig. 5 it is possible to see 
the integrity of the EFBG sensor when the fibre is lightened by a visible ASE. 

 
Fig. 4. The fibre after the etching process. 

 

Fig. 5. The EFBG sensor lighted by the ASE. 

4. Experimental Results and Discussions  
In order to the characterize spectral response of the EFBG as a specific gravity sensor, solutions of 

different concentrations were prepared, as it can be seen in Tab. 1. The solutions were prepared mixing sugar 
(sucrose) in dechlorinated water. Solutions from 0 to 20 Brix range were made to mimic the common original 
gravities of commercial beers. Thus, the sensor was immersed in a beaker containing the solution listed in Tab. 
1, one at a time. The light beam from broadband source (ASE) was injected into the fiber and the reflected 
spectrum from EFBG for different concentrations of solution was observed with an optical spectrum analyzer 
(OSA). Changes in Bragg wavelength are noted at different concentrations Fig 6. 

Table 1. Sample solutions of different density. 

Solution Brix (°Bx) Density (g/L) RI 
1 20 1.083 1.3638 
2 17.8 1.069 1.3600 
3 16.6 1.064 1.3579 
4 14.2 1.055 1.3539 
5 12.5 1.040 1.3494 
6 8.6 1.034 1.3447 
7 7.1 1.028 1.3420 
8 4.6 1.018 1.3378 
9 1.9 1.008 1.3339 

10 0 1 1.3330 

The sensor sensitivity as a function of concentration in terms of wavelength shift has been analysed. The 
In Fig. 6 it is shown the measured wavelength shift for the different solutions. It is important to note that two 
identical EFBG was prepared and analysed. Fig. 7 shows that wavelength shift increases with the increase of 
the original gravity and the result of two sensors are similar. 
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Fig. 6. Spectral response FBG to various density values. 
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Fig 7. Measured wavelength in function of density for the two sensors EFBG. 

5. Conclusions 
It was proposed a refractometer sensor using technique involving chemical etching. The results show that 

sensor respond with high sensitivity to small density variations. It can be seen that there is a good linear 
relationship between the sugar concentration and the shifted wavelength showing that the sensor could be used 
for measure the fermentation process beers. The advantages are: asepsis and real-time monitoring.  
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Abstract

Hyperthermia is a treatment that consists in raising the temperature of the whole body or a part of it above
the normal range (usually between 35 ◦C and 45 ◦C) for a defined period of time using microwave radiation, as
an adjuvant for the treatment of tumors. However, the use of conventional sensors (thermocouples, thermistors,
RTD) present interference issues linked to the scattering of microwave energy that can affect surrounding tissues
of the body, among other problems. The goal of these proposal is to give a proof of concept of the feasibility of
using an optical fiber-based system for temperature measurement taking advantage of the transparency of optical
fiber materials when facing microwave energy. This means no undesired reflections or scattering inside the body.
In this stage of the work, a gelatin phantom was built in order to measure the temperature reached when it is
irradiated using a 2.45 GHz and 800 W microwave source. From these results a linear relation can be inferred
between the temperature reached and the irradiation time, thus a proof of concept of real time measurement for
hyperthermia applications is obtained.

1. Introduction

Hyperthermia is a treatment that consists in raising the temperature of the whole body or a part of it above the
normal range (usually between 35 ◦C and 45 ◦C) for a defined period of time as an adjuvant for the treatment of
tumors. This is a low-toxicity complementary treatment that is usually combined with chemotherapy and radio-
therapy. The accuracy of the heating dose applied to the tumor is a key factor to enhance the success rate of the
treatment [1] [2].

The use of conventional sensors (thermocouples, thermistors, RTD) present problems since hyperthermia is
performed by means of microwaves. This leads to interference issues linked to the scattering of the microwave
energy that can affect surrounding tissues of the body. Aditionally, the voltages and currents induced by the
electromagnetic waves on the metal elements of the sensors and the self-heating phenomena, produce erroneous
readings in the measurements. Optical fiber based sensors are used for this type of applications because they are
known as non-perturbators of the electromagnetic field [3].

The objective of this work is to develop a real-time thermometry system which can be used for hyperthermia
treatments. In this text we present the first step that consists in validating the possibility of building a gelatin
phantom due to its capability to imitate soft tissues, where it is possible to embed fiber optic sensors (Fiber Bragg
Grating - FBG) in order to measure the temperature reached within it. This testbench is built to determine a
preliminary relation between the applied microwave energy, the exposure time and the increase in the measured
temperature at the phantom.

2. Fiber Bragg Grating (FBG) fundamentals

FBGs are known also as wavelength modulated sensors that use changes in the wavelength to detect changes in
a parameter of interest. For example, in the measurement of strain, temperature, pressure, and dynamic magnetic
field [4] [5] [6] [7]. Their structure works as a highly wavelength-selective reflection filter, where the spectrum
of light whose wavelengths do not satisfy the Bragg condition pass through the grating essentially unaffected.
However, when the light arrives at the at the Bragg resonant wavelength λB, the signal is back-reflected (Figure
1).

This wavelength λB depends on the period of the index perturbations Λ in the grating and the refractive index
of the guided mode ne f f , which is an inherent property of the fiber (Equation 1) [4] [5] [6] [7].

λB = 2ne f f Λ (1)
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Fig. 1. Schematic diagram of structure and spectral response of fiber Bragg grating.

The sensing ability of an FBG derives from the sensitivity of both the refractive index and the grating period to
externally applied mechanical or thermal perturbations. For instance, the strain on the fiber affects the response of
the FBG through the expansion and compression of gratings period Λ. Additionally the photo-elastic coefficient
of the fiber ρa relates the modification in the refractive index with strain-induced modifications and can affect
the behavior of the sensor. The temperature sensitivity of an FBG is related to the thermo-optic coefficient α i.e.
change in the refractive index with response to temperature, and the thermal expansion coefficient of the fiber ζ

(Equation 2) [4] [6] [7].

∆λB = λB
[
(1−ρa)∆ξ +(α +ζ )∆T

]
(2)

In Equation 2, ∆λB refers to changes in the magnitude of the Bragg resonant wavelength, ∆ξ and ∆T refer to the
changes in magnitude of the strain and temperature, respectively. The previous equation can be further simplified
to obtain the responsivity of the FBG, considering that the value of λB in the sensor is 1550 nm. In consequence,
Equations 3 and 4 were obtained.

∆λB

∆ξ
= (0.78x10−6

µξ
−1)λB = 1.21

pm
µξ

(3)

∆λB

∆T
= (6.678x10−6 ◦C−1)λB = 10.35

pm
◦C

(4)

To validate the theory presented so far, a Universal Oven UM Memmert is used to characterize the response
∆λB of the fiber to several temperature steps ∆T (Equation 5).

∆λB

∆T
= 8.7

pm
◦C

(5)

3. Experimental setup

For the tests, a magnetron and a pyramidal horn were used to irradiate a phantom due to its moderate directivity.
This antenna has a power handling of 800 W and was used with an operating frequency of 2.45 GHz (Figure
2). In addition, realistic body models are needed to measure the temperature and simulate the penetration of
microwave energy in the tissue, in consequence oil-in-gelatin dispersions are used due to its ability to mimic
different tissues by selection of an appropriate concentration of oil, those materials possess long-term stability, they
are suited for ultrawideband (UWB) applications over the frequency range of 500 MHz to 20 GHz. Furthermore
they can be employed in heterogeneous configurations without change in geometry or dielectric properties due to
diffusion across the interface which is useful due to the composition of the breast that requires low-water-content
tissues (breast fat), intermediate-water-content tissues (skin) and high-water-content tissues (glandular tissues and
cancerous tumors) [8] [9].

The goal is to build a structure as close as possible to a human breast with multiple fiber optic sensors within,
to see the temperature gradient product of radiation inside the phantom. In this first approach, there is a fiber optic
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Fig. 2. Setup for performing the ∆λB measurements used for temperature calculations of ∆T .

sensor embedded in the center of the phantom. It is expected to improve the construction process to ensure the
integrity of the fiber when inserting or extracting it from the phantom (Figure 3).

4. Results and discussion

Table 1 summarizes the changes in ∆λB and the theoretical temperature associated ∆T with different measurements
made at different distances and exposure times. In addition, the raw measurements and the linear approach of
changes in ∆λB respect to time can be seen in Figure 4. It can be observed that the anomalous values of the sensor
readings are due to external stresses induced in the fiber by the wind. It is necessary to make the measurements
for longer periods of times on a controlled space to avoid perturbations in the fiber due to external stresses.

The slope that associates the temperature change with the elapsed time is inversely proportional to the distance
between the magnetron and the phantom. However, it is necessary to perform more tests at different distances to
validate the proposal, obtain the tendency curve and locate the distances where it would be more suitable to expose
the phantom.

For this result, the fiber presents a linear behavior between the time elapsed and the change in the temperature.
However, it is necessary to make tests in longer periods of time in order to observe if the behavior is maintained.

Fig. 3. Mold with embedded fiber for phantom construction.
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Table 1. Changes in Bragg resonant wavelength ∆λB and associated theoretical temperature ∆T for
measurements at different distances with different times of exposition.

Test Distance Exposure time ∆λB ∆T
(#) (m) (min) (pm) (◦C)
1 1.00 2 3.16 0.36
2 0.64 3 8.87 1.02
3 0.64 6 20.67 2.38

Fig. 4. Changes in ∆λB for different distances and different times of exposition

5. Conclusions

The implementation of a testbench to verify the effects of the microwave energy radiation with real time tempera-
ture monitoring evidences the feasibility to use optical fiber temperature measurement for hyperthermia treatment.
Optical fiber sensors are immune to high power microwave radiation, this makes the FBGs sensors suitable for
in-body applications.

Despite the clear response of the optical fiber sensor facing temperature changes, more research is necessary to
enhance the microwave energy dosage and application through a high directivity antenna. Furthermore, it should
be considered to test the phantom and sensors under a wider microwave frequency range in order to find the most
efficient response and assure the best radiation/heating response.

Once the optical fiber sensor performance for hyperthermia applications is probed to be feasible, it is recom-
mended to test the setup using ex-vivo animal tissues to compare the sensor performance to that one inside the
phantom.
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Abstract: In this work, etched fiber Bragg gratings (EFBG) coated with diphenylalanine 

nanotubes (DNT) are studied for methanol vapor detection. The DNT morphology is characterized 

by Scanning Electron Microscopy and the temperature transition is determinate by Small-Angle 

X-Ray Scattering technique. After the phase transition, a significant increase in wavelength shift 

can be observed. 

  
 

 

1. Introduction 

Fiber Bragg gratings are a very well established technology for temperature and strain monitoring. Some 

advantages that have drawn the attention of the researchers to this device are electrical passivity, electromagnetic 

immunity, reduced dimensions and high multiplexing capability. 

In the last few years, the development of new materials has allowed great scientific and technological 

advances, especially those applied in sensing solutions. Recently, a large number of works has reported fiber 

gratings functionalized with nanostructured materials for biosensing [1-5] and chemical detection [6-9]. Nanotubes 

are a class of nanostructures that have been studied as an active layer for sensing purposes. It has been shown that 

the DNT presents great potential in the development of chemical and biochemical sensors, in which the water 

present in the nanotube channels play a key role. 

 The methanol is an important raw material in the chemical industry, being used in the production of 

formaldehyde, methyl tert-butyl ether (MTBE), as pure fuel, or in mixture with gasoline for light vehicles. 

However, methanol is hazardous to human health, especially to the nervous system. The toxicity and volatility of 

methanol have motivated several researchers to develop sensors capable of detecting methanol vapor [10-13], and 

in recent years, optical fiber sensors have also been reported [14-16]. Okuda et al., proposed an optical fiber sensor 

modified with a nanoporous thin film coating for organic solvent vapors detection [14]. Liu et al. reported high 

sensitivity sensors for volatile organic compounds (VOCs) based on a tapered small core single mode fiber and a 

microfiber coupler [15]. Hromadka et al. proposed a long period grating sensor coated with ZIF-8 to detect VOCs 

with high sensitivity [16]. 

In this work, DNT was tested as an active element in gas sensors based on EFBG for methanol vapor 

detection. The DNT was deposited on an EFBG by drop casting. The DNT morphology was characterized by 

Scanning Electron Microscopy (SEM), and the phase transition temperature was determined by Small Angle X-

Ray Scattering (SAXS) technique. The sensor's response of the orthorhombic and hexagonal phases were 

compared. 

 

2.  Materials and Methods 

2.1. Chemicals 

The dipeptide L,L-diphenylalanine (FF), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and methanol were purchased 

from Sigma-Aldrich. All chemicals were used without any further purification and the solutions prepared using 

ultrapure water from a Milli-Q system. 
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2.2. Sensor fabrication and peptide synthesis 

The FBG was inscribed in a single mode fiber (Draka, G.652) using the phase-mask technique. ArF excimer laser 

(Xantos XS, Coherent, 193 nm 250 Hz and 2.5 mJ per pulse energy) was used for the grating inscription. The 

etching was performed using an aqueous hydrofluoridric acid solution (HF 40%), followed by a neutralization 

procedure using an aqueous sodium hydroxide solution (NaOH 2 mol/L). The rate of corrosion was monitored in 

situ by the shift of the wavelength peak of the reflected signal. Chemical etching is an isothermal process that 

initially causes a redshift in wavelength until the evanescent field penetrates with the external medium. From this 

point the wavelength present a blue shift, and a wavelength shift of 5 nm from the initial wavelength corresponds to 

a final fiber diameter of 8 μm. 

The DNT at concentrations of 100 mg/mL were produced by dissolving the lyophilized peptide in HFIP and 

self-assembled in water vapor. 

The DNT structure was characterized by SEM (EVO MA 15, Carl Zeiss Microscopy) and the temperature 

transition between hexagonal and orthorhombic phases was determined by SAXS measurements, using a Bruker 

Nanostar system equipped with Genix3D microfocus source, Fox3D focusing mirrors and scatterless slits, all 

provided by Xenocs company at the Institute of Physics at University of São Paulo. 

The EFBG was covered by drop casting procedure with 320 mmol/L of L,L-diphenylalanine in HFIP 

solutions, after the first battery of measurements of methanol vapor, the coated EFBG was heated at 190 ºC for 14 

minutes to change to the orthorhombic phase. The average DNT layer thickness was 10 μm. 

2.3. Sensor Characterization 

The sensor’s response to methanol vapor was obtained using a 3 L vessel with 50 μL of methanol injected with a 

micropipette. The sensor was alternately exposed to ambient laboratory air for 5 minutes, and then to the vessel 

vapor for 15 minutes. This cycle of measurements was repeated three times. The wavelength response was 

monitored with a Micron Optics SM-125 optical interrogator (2 Hz scan rate, 1 pm wavelength accuracy). The 

experiments were carried out in the laboratory with the controlled temperature maintained at (22 ± 1) °C. 

 

3.  Results and discussions 

The results of the Small Angle X-Ray Scattering measurements are shown in Fig. 1. We observe a peak at q = 1.68 

nm-1 until 135 °C. At 190 °C, there is a shift in the peak to 2.07 nm-1, which indicates the transition from hexagonal 

to orthorhombic phase. 
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Fig. 1. Shift in the peak of the Small Angle X-Ray Scattering from q = 1.68 nm-1 to 2.07 nm-1 indicating the 

transition between hexagonal and orthorhombic phases. 
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The SEM image of DNT before the phase transition shows a nanotube forest morphology characteristic of 

hexagonal phase (Fig. 2A). The orthorhombic phase obtained after the transition at 190 °C, in which was observed 

a rodlike morphology (Fig. 2B).  

 

 

  

Fig. 2. Morphology of DNT for (A) hexagonal phase and (B) orthorhombic obtained by SEM. 

 

Fig. 3 shows the wavelength response of the DNT coated etched FBG as a function of the time for three cycles 

of exposure to air and methanol vapor under saturation conditions, for hexagonal and orthorhombic phases. After 

the transition, when exposed to air, the wavelength shifted from 1549.18 nm to 1549.79 nm. 
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Fig. 3. Bragg wavelength shift as a function of the time for three cycles of exposure to air and methanol vapor 

under saturation conditions for (a) hexagonal and (b) orthorhombic phases. 

 

The wavelength response was red-shifted in the hexagonal phase, while in the orthorhombic, it is blue-shifted. 

In the orthorhombic phase, the observed wavelength shift response was 1.0 nm, which is 25 times greater than the 

wavelength shift response of the hexagonal phase. Due to the phase transition from the hexagonal to orthorhombic, 

the characteristic time response increased from 540 seconds to 976 seconds, and the characteristic time recovery 

increased from 50 seconds to 183 seconds. One hypothesis for the increase in the sensitivity is the change in the 

nanotubes morphology, that can be seen in Fig 2. In the orthorhombic phase, the structure presents gaps which can 

result in a greater diffusion of the vapor molecules. After the phase transition, the wavelength response in air 
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presents a red shift of 0.7 nm. This result indicates that the DNT may present a higher refraction index when it is in 

the orthorhombic phase compared to the hexagonal phase, which contributes to the increase in the sensitivity. 

 

4.  Conclusions 

In this work, we investigated the response to methanol vapor of EFBG coated with DNT. The response of the 

hexagonal and orthorhombic phases was compared. After the phase transition from hexagonal to orthorhombic, the 

wavelength shift response increased 25 times and changed from red to blue shift. One hypothesis for this sensitivity 

increase is the change in the nanotubes morphology, which allows a higher diffusion. Also, after the phase 

transition the wavelength response in air presented a redshift of 0.7 nm, which indicates that the DNT may present 

a higher refraction index in the orthorhombic phase when compared to the hexagonal phase. These results point out 

the possible application of EFBG functionalized with DNT for methanol vapor detection. 
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Abstract: Considering the increasingly wide application of optical fiber sensors, this paper aims 

to present an alternative form of interrogation without the use of an optical spectrum analyzer or 

any other high-cost devices. The sensor studied here is a long-period grating being used to 

measure temperature. The interrogator is composed of optical filters and photodetectors whose 

responses are processed by a suitably trained artificial neural network. Results show that this 

technique enables effective interrogation of a range limited only by the optical bandwidth of the 

light source. 
 

 

1. Introduction 

In recent years, optical fiber sensors have been established as an effective means of performing sensing operations 

due to a number of advantages over common electronic sensors. The main advantages include their immunity to 

electromagnetic interference, light weight, small size, chemical inertia, and the possibility of multiplexing sensors 

and of performing remote sensing [1]. 

In this paper, we chose to study a long-period grating (LPG) temperature sensor. An LPG is an optical device 

that couples light from the fundamental core mode into co-propagating cladding modes, whose attenuation is 

considerably higher due to large scattering losses at the cladding-air interface and bends in the fiber [2]. In order to 

enable the light coupling, the effective refractive indices of the modes must satisfy the phase-matching condition, 

given by [3]: 

, (1) 

where Λ is the period of the LPG, β1 and β2 are the propagation constants of the modes being coupled and Δβ is the 

differential propagation constant. This condition can be achieved by several cladding modes, resulting in 

attenuation bands centered at discrete resonant wavelengths, λres
m
, which can be represented as [4]: 

, (2) 

where neff,co
01

 is the effective refractive index of the fundamental core mode, neff,cl
m
 is the effective refractive index 

of the m-th cladding mode. The resonant wavelength λres
m

 is a function of both effective refractive indices and the 

grating period, which in turn vary with external variables such as temperature, strain, refractive index and 

bending [5]. This sensitivity of the resonant wavelengths to environmental parameters allows the use of LPGs in 

sensing applications, by tracking the resonant wavelength of one or more cladding mode orders in the transmission 

spectrum of the LPG. 

In a laboratory, the response of the sensor is obtained through an optical spectrum analyzer (OSA), which is a 

large, high-cost device. In field applications, alternative interrogation techniques are preferred, frequently 

involving optical filtering of the sensor output. Alternative methods for interrogating LPG sensors are discussed 

in [6] and [7], where the authors use fiber Bragg gratings (FBG) as optical filters. The main advantage of using 

alternative methods of interrogation is cost reduction, along with portability and automation made easier. 

The interrogation methods using optical filtering require some processing. In recent years, artificial 

intelligence techniques have been successfully applied in processing sensor data for interrogation purposes, 

especially using artificial neural networks (ANN) [8-11]. In a previous work, [12], we have proposed an 

interrogation system for an FBG sensor, which we extend in this work to apply to the interrogation of an LPG 

sensor. 
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2. Methodology 

2.1. Sensor and Interrogator Setup 

The working principle of this interrogation system can be explained as follows. Light is emitted by the light 

source, a superluminescent diode (SLD), and propagates through an LPG sensor. The LPG inserts attenuation 

bands centered in resonant wavelengths which depend upon the temperature of the surrounding medium. The 

interrogation system must process the information received from the sensor and return the estimated value of the 

temperature. In order to do that, the sensor output is filtered by FBGs centered in suitable wavelengths so as to 

allow the identification of the sensor response. The output of each filter is collected by a photodetector whose 

value is digitalized and sent to the ANN for processing. The ANN is responsible for identifying the sensor 

temperature from the photodetector outputs and returning the estimated temperature value in degrees Celsius. This 

process is illustrated in Fig. 1, where a set of three filters was used. Depending on the dynamic range of interest for 

interrogation, more filters may be necessary, as will be shown in Section 3. 

 

 

 

 

 

 

 

 

 

Fig. 1. Sensor and interrogator setup. 

 

2.2. Interrogation 

The set of filters seen in Fig. 1 separates the signal coming from the sensor in sub-bands. Each photodetector 

produces an electric current proportional to the optical power contained in the respective sub-band. This value, for 

each photodetector, is an input to the ANN, which will process the data and return an estimate of the temperature 

measured by the sensor. Thus, the ANN will have as many inputs as there are filters and one output. The ANN in 

question is a multilayer perceptron (MLP) and was trained using the resilient backpropagation learning algorithm. 

One hidden layer was used to process the input values and different numbers of neurons were tested for this layer. 

The activation function in the hidden layer is a hyperbolic tangent and in the output layer it is linear. The ANN 

inputs are normalized before processing and the output is denormalized to yield the estimated temperature. 

 

3. Tests and Results 

The objective of the tests was to interrogate the largest possible dynamic range for the sensor in question. We used 

an LPG written on a standard single-mode fiber with core radius of 4.15 µm and cladding radius of 62.5 µm, core 

refractive index of 1.449 and cladding refractive index of 1.444. The period of the LPG was 522.9 µm. We 

observed the attenuation band corresponding to the LP05 mode, which has a resonant wavelength around 1550 nm 

at 25 ºC, under the aforementioned circumstances. The light source was an SLD with an optical bandwidth of 

100 nm centered around 1550 nm. Considering the LPG in question has a temperature sensitivity of 6.3 nm/ºC, the 

theoretical dynamic range is approximately from 17 to 33 ºC, which could be larger with a more broadband source. 

For the tests, we created two independent sets of data: one for training the ANN and one for testing its 

performance. There is no overlap between both sets of data. The parameter used to measure the performance of the 

ANN was the mean squared error (MSE) calculated on the testing dataset after the ANN was trained using the 

training dataset. 
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We conducted three tests with different numbers of filters in the setup: three, five and seven. With three filters, 

the spacing between their central wavelengths must be high in order to cover the theoretical dynamic range, which 

hinders the accuracy of the interrogator. The filters were designed for the following wavelengths: 1505 nm, 

1500 nm and 1595 nm. Table 1 shows the results of the tests with several sizes of the hidden layer, considering the 

MSE as a performance parameter. A lower value of MSE means the system is more accurate. The results for three 

filters show that the best configuration for the hidden layer is using 3 neurons. 

In order to increase accuracy, we must decrease the spectral spacing between the filters. To do so while 

covering the same range, we must also increase the number of filters. Thus, we tested the system with five filters, 

designed for the following wavelengths: 1500 nm, 1525 nm, 1550 nm, 1575 nm and 1600 nm. The results of this 

test can also be seen in Table 1. It may be noted that the accuracy of the system is indeed better than the previous 

test. For this configuration, it was found that the ANN performs best if the hidden layer has 13 neurons. 

The last test conducted was an attempt to increase accuracy by reducing even more the spectral spacing 

between the filters. This test considered seven filters with the following resonant wavelengths: 1505 nm, 1520 nm, 

1535 nm, 1550 nm, 1565 nm, 1580 nm and 1595 nm. The hidden layer configuration that showed the best 

performance in this case was that which used 6 neurons, as can be seen in Table 1. Figure 2 shows the performance 

of this filter configuration using an ANN whose hidden layer has 6 neurons. The horizontal axis indicates the 

actual temperature whereas the vertical axis indicates the system output. The solid black line represents an ideal 

sensor/interrogator system which would return the temperature with zero error. The red dots represent the output of 

this system. It is noteworthy that, in this configuration, the worst case estimation error was found to be 1.8% of the 

real measured value. 

Table 1. Mean squared error for the trained ANNs for different sizes of the hidden layer. 
 

Number of neurons 

in the hidden layer 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

MSE 

[(ºC)²] 

Three filters 4.0 3.8 3.0 3.4 4.2 4.0 7.8 3.8 3.8 4.4 5.7 4.2 4.6 4.9 4.3 

Five filters 3.4 2.7 4.8 3.0 2.9 3.4 1.5 3.6 2.6 2.8 4.6 6.5 1.3 2.1 5.2 

Seven filters 2.9 1.9 1.6 1.4 0.9 0.7 2.8 0.8 1.3 4.4 3.6 4.5 7.6 2.3 6.0 

 

Fig. 2. Temperature estimation of the interrogation system consisting of seven filters using a 6-neuron hidden layer. 

 

Figure 3 shows the normalized ANN input values as a function of the temperature for the three tests. In Fig. 

3(a), there are two noticeable regions of ambiguity, around 22 ºC and 28 ºC. This is due to the large spectral 

spacing between the interrogator filters in the three-filter configuration. The regions of ambiguity are decreased in 

the five-filter configuration, as can be seen in Fig. 3(b), and are practically inexistent in the seven-filter 

configuration, as shown in Fig. 3(c). The elimination of ambiguity means a great advantage for the performance of 

the ANN and justifies the results in Table 1. 
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(a) (b) (c) 

Fig. 3. Normalized ANN input values for the systems with (a) three filters, (b) five filters and (c) seven filters. 

 

4. Conclusion 

In this work, our objective was to present an interrogation setup capable of effectively interrogating the whole 

dynamic range of an LPG temperature sensor excited by an SLD light source. We showed that, using the system 

presented here, it is possible to adjust the range and the accuracy of the interrogation by setting the number of 

filters and the spectral spacing between them. We note that the equipment used to build the system is composed of 

basic fiber optics equipment, such as couplers, FBGs and photodetectors. This allows for a cost-effective system 

that can be replicated at any optics laboratory. We tested the system using three, five and seven filters to separate 

the sensor signal in sub-bands using several sizes of the hidden layer of the ANN, from 1 to 15 neurons in the 

hidden layer, and found that the best accuracy occurs when we use the seven-filter system using a hidden layer 

composed of 6 neurons. This technique is especially useful in the field, where the use of an OSA is not viable, or in 

laboratories where an OSA is not available. 
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Abstract: This paper presents a new method of adaptive data compression for DTS systems that 

preserve the curve profile, spatial resolution and temperature accuracy of the sensor. The 

approach allows compressing the data at a compression ratio of 2.65x, saving 62.3% of the hard 

disk memory, and reducing the processing time of the generated data.  
 

 

1. Introduction 

 

Distributed Temperature Sensors (DTS) have been widely used in the borehole monitoring (geothermal, oil and 

gas), transmission lines and power generation, fire detection in tunnels, process plant, cryogenic measurements, 

leak detection in pipelines, cement and dykes, environment and climate studies, liquid-level measurement and 

other applications [1]. Such sensors measure the temperature in a distributed form along a fiber optic cable 

considering a given spatial resolution. Its principle of working consists of generates the spontaneous Raman 

scattering signal into the core of the fiber, which has a strong dependence on the temperature. By performing the 

processing of this signal, it is possible to raise the temperature profile along the entire length of the fiber [2]. 

Commercial DTS can, for example, provide temperature measurements with 0.05 °C resolution, 1 m spatial 

resolution in a range up to 35 km in multiple channels. The system can be also configured to produce both single-

ended and double-ended measurements, with a minimum measurement time of 1 s [3,4]. Based on these 

specifications, the equipment generates a large amount of data to be processed and stored. The size of the file 

generated throughout the DTS acquisition process can be determined by the following expression: 

 

chbts nntnM  .                                                                         (1) 

ns is the number of independently sensed points, tt is the number of traces collected during a day, nb the 

number of bytes per sample and nch the number of channels. For example, the AP Sensing DTS model generates a 

file of approximately 0.4 TByte/day [3], while the ULTIMA™ DTS model can generate a file of nearly 1 

TByte/day [4]. The size of these files is a problem in terms of processing in some applications, such as those 

which by regulation, require the generated data to be stored for a long period of time, or situations which demand 

rapid data processing, i.e. real time. 

Alternatives to solve limitations such as processing time, storage space and power saving can be found in the 

literature. For example, in [5] a hybrid data compression scheme for power reduction in wireless sensors for 

Internet-of-Things (IoT) was proposed. In this study, the method is applied to electrocardiogram signals, in which 

the data is first compressed using a lossy compression technique with a high compression ratio (CR). The 

residual error between the original data and the decompressed data is preserved using entropy coding, enabling a 

lossless restoration of the original data when required. To perform lossy compression Fan Algorithm is used. This 

operates by drawing the longest possible straight line between the starting sample and the ending sample. 

While Ke et al. [6] proposed a compression algorithm composed of three steps including pre-compression, 

lossy compression and lossless compression for weather radar. Based on the users' requirement and in redundant 

information, the algorithm mentioned in [6] can achieve a compression ratio of 18x (eighteen times), even under 

complicated weather conditions in which data cannot be discarded. 

In previous work we have proposed a method that performs an extraction of characteristics of the 

temperature profile generated by the DTS before the data processing [7]. Such an approach significantly reduces 

the datafile size to be further processed. However, the temperature curve profile is lost during the feature 

extraction. In applications such as leak detection and flow assurance in pipelines, the full profile of the 

temperature curve is not essential since the interest is in the detection of hot spots along the monitored region. 
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However, in the detection of fires in tunnels, the knowledge of the complete profile of the temperature curve is 

fundamental to indicate not only the location of the fire but also the direction of the flames [1].  

This work proposes for the first time, to the best of the author’s knowledge, a method of data compression to 

be applied directly under the temperature profile generated by the DTS equipment so that its format is not altered, 

besides preserving both the spatial resolution and the temperature accuracy of the sensor. This paper is organized 

as follows. In Section 2, the proposed compression model is detailed. Next, the evaluation of the compressed 

signal is discussed in Section 3. And the conclusions are given in Section 4. 

 

2. Adaptive Compression Model for DTS  

The proposed compression method consists of determining the minimum number of points needed to represent 

the temperature profile generated by the DTS without losing spatial resolution and temperature accuracy and 

preserving the original curve format. For this, the derivative of the temperature at each position zi of the fiber is 

calculated. At specific points where the derivative module takes values below a threshold ε, the signal is 

suppressed. Mathematically: 

.⇒  i

i

i Tε
dz

dT
                                                                           (2) 

The compression process begins with the signal with all points and continues discarding points that satisfy 

equation 2 according to the update of threshold ε until the stopping criterion is reached. The stopping criterion 

will be given when ε assumes a value in which the conditions δzcp = δzog and Tabs = std (ΔTi ) ≤ 0.06 become true.  

The updating of the threshold ε is accomplished by decreasing 0.005% of its initial value to each interaction. δzcp 

and δzog are the spatial resolutions of the compressed and original signal, respectively. Tabs is the absolute 

accuracy (uncertainty) taken as the standard deviation (denoted by std) of the difference ΔTi between the 

temperature values of the original signal Tog and the temperature values of the compressed signal Tcp over 

measurements i. We also require that the compressed signal preserve the maximum and minimum values of the 

original signal. These two conditions complete the requirements during the compression process. Since δz is 

related to the measure of the heated region in the fiber, to preserve its value during the compression process, we 

calculate the value of the full width at half maximum (FWHM) of T(z) along the fiber, so that δz = z1 - z2, as 

shown in Fig.1: 

 

 

Fig. 1. Definition of the spatial resolution by FWHM. 

 

Similarly, this same procedure applies to profiles with negative temperature variations. In this way, the result 

obtained at the end of this process is a compressed signal composed of dense regions in points, corresponding 

those with the highest degree of information; and regions with fewer points, which are not relevant information to 

be preserved.   
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3. Performance Evaluation 

To evaluate the performance of the algorithm described in Section 2, we used real data from a commercial DTS, 

model AP Sensing N4385B composed of temperature profiles obtained by reading the equipment of hot spots 

along the fiber. More details about the data used can be found in [7]. The criteria to evaluate the performance of 

the proposed algorithm were the Root Mean Square Error (RMSE) and the Compression Ratio (CR = original 

data size/compressed data size). Figure 2 shows the temperature profile of the DTS before and after the 

compression. It is observed that for a CR = 2.66x the shape of the temperature profile is maintained, fact that is 

justified by the RMSE of 0.053. In Fig.3 we plot the signals before and after the compression together, which 

allows us to observe how close the compressed signal is to the original. 

 

           
    Fig. 2. In (a) Original signal and (b) compressed signal. ε = 0.6.              Fig. 3. Temperature profile of compressed versus original signal. 

 

 

Figure 4 shows the derivative of the temperature (from the curve of Fig. 2a) as a function of the position in 

the fiber. In this curve, it is observed that in the regions of the fiber whose derivative module is close to zero there 

is no relevant information i.e. temperature is practically constant (see, for example, Fig. 4 and Fig. 2a), it means 

that the signal at these points is discarded. However, in regions whose derivative has a larger module, the signal 

is preserved integrally.  

If there was no update of the value of ε, it would be impossible to determine the minimum number of points 

to be kept in order to preserve the shape of the curve and to satisfy the four requirements that the compressed 

signal must meet. Because in this situation, the value of ε could be poorly determined, and consequently a change 

in the value of ε = 0.1 in relation to its best value already introduces an error in position determination of the hot 

spot shown in Fig. 2 of 4.7 cm and an error of the 0.5 °C in reading the temperature in that region. In Fig.5, it is 

observed that with each update of ε, the CR value tends to be reduced until there is a minimum number of points 

to accurately represent the DTS signal. When this occurs the maximum CR is obtained. 

 

               
                        Fig. 4. Derivative from the temperature profile.                                                   Fig. 5. Updating the value of ε. 
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So far we have analyzed the proposed algorithm for a low noise (well behaved) temperature profile. Now we 

will take the worst case, corresponding to a rather noisy signal and a greater range of the sensor. Although in such 

a situation the temperature alternates rapidly over the fiber, a CR of 1.68x and RMSE of 0.065 as shown in Fig.6 

was obtained. It is noteworthy that even for the CR and RMSE values found for the worst case, the shape of the 

curve is completely conserved, as well as spatial resolution and temperature accuracy. Making possible a correct 

reading of the temperature, especially in the region where there is a hot spot.  

Moreover, regardless of the noise level in the sensor signal, a higher CR is obtained in regions where the 

temperature value is more stable. This is justified by the fact that the threshold value ε is below the noise level. 

Consequently, the worst case will be the one in which the signal represents abrupt variations in the temperature in 

a small region in the fiber (hot spots of narrow width) that was the situation of the temperature profiles evaluated 

in this study. 

Finally, Fig.7 shows the CR and RMSE respectively of 44 compressed temperature profiles that were 

generated by the DTS equipment. Figure 7 shows the repeatability of the algorithm when applied to different 

temperature profiles. In addition, by dynamically compressing the signal along the fiber, regions with low CR 

have lower RMSE, preserving almost completely the region of interest in the fiber, corresponding to a hot spot.  

In Fig. 7a the CR value is given for each compressed temperature profile and in Fig. 7b its respective RMSE. 

 

             
    Fig. 6. In (a) Original signal and (b) compressed signal. ε = 0.15.       Fig. 7. General performance analysis of the data compression algorithm.  

 

 

 4. Conclusions 

 

This work presents for the first time an adaptive loss data compression method for temperature profiles generated 

by Distributed Temperature Sensors. The proposed compression model consists of removing regions of the signal 

whose temperature value is practically constant while preserving others otherwise. The algorithm allows 

determining the minimum number of points required to represent the sensor signal without loss of spatial 

resolution or temperature resolution, thus preserving its original format.  

The threshold update is one of the innovations that our algorithm exhibits in terms of data compression. Since 

it generates the compression rate to be adaptive/variable according to the degree of information contained in the 

data and the requirements that these after compressed need to present. 

A total of 45 different temperature profiles were compressed so that an average compression ratio of 2.65x 

and an average RMSE of 0.046 were achieved. These results show the robustness of the method that can be 

applied to any commercial equipment to improve the processing time and to reduce the amount of hard disk 

space by more than half when there is a need for data storage. For example, as mentioned earlier, a 0.4 TByte/day 

(value calculated by equation 1) file obtained by AP Sensing DTS model is reduced to 0.15 TByte/day by 

applying the proposed compression method. Future works include exploring lossless data compression 

algorithms in order to configure a second step to the proposed algorithm, saving more memory or even power in 

applications that require wireless transmission of data.  
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Abstract: This paper presents a study of FBG reflection spectrum for application in dynamic 

measurements, such as AC current and voltage. In this work, we show the best reflection spectra of 

two FBGs employed in a twin-grating interrogation technique that guarantees the best linearity 

levels possible in the response of the dynamic measurement sensor. © 2019 The Author(s) OCIS 

codes: 060.3735, 060.2370. 

 

1. Introduction 

 

Since its discovery by K. O. Hill et al. in 1978 [1], fiber Bragg gratings (FBG) have been applied as optical sensors 

to the measurement of several physical variables thanks to their intrinsic sensitivity to mechanical strain and 

temperature. Some advantages of FBG sensors are immunity to electromagnetic interference, high electrical isolation, 

no cable-induced noise, and small size. The possibility of multiplexing several sensors in a single optical cable, and 

the capability of monitoring sensors over long distances are also key features of FBGs, which make them suitable 

sensors for oil & gas, chemical, aerospace, biomedical, and energy industries [2][3]. 

Given that the sensitivity of FBGs to strain and temperature is encoded in a characteristic narrowband reflected 

spectrum of the incident light, the interrogation of these sensors is usually accomplished by either determining the 

spectral position of the reflected peak in the light frequency domain (first approach), or measuring the intensity of the 

reflected light modulated by a spectral filter (second approach). Most of the interrogation techniques employing the 

first approach rely on optical spectral decomposition using fast-scanning tunable laser technology to recover the full 

spectrum reflected by the sensing FBG [2][4]. These techniques are frequently employed in optical spectrum analyzers 

(OSAs) as well as in commercial interrogators specifically designed for FBG sensors. These instruments allow for 

accurate measurements related to FBG sensors, though they are usually very expensive and have limitations when 

dynamic measurements are needed. For instance, measurements of fast dynamic physical variables with FBG sensors, 

such as vibration or AC (50–60 Hz) voltage and current, cannot be performed using an OSA. Instead, this task should 

be performed with high-speed-scanning interrogators that rely on special algorithms to recover the reflected spectra 

from the FBG sensors in order to track their spectral peak position [5][6]. However, these instruments are still not 

capable to decouple the cross-sensitivity to strain and temperature intrinsic to FBG sensors. These limitations can be 

avoided by employing the second approach, in which FBG interrogators are based on the measurement of the optical 

power reflected by the FBG. These interrogators are usually composed by a photodetector and some passive spectral 

filter that modulate the reflected optical power of the FBG. This approach is also preferred to achieve cost-effective 

sensing solutions. 

One particular interrogation technique that employs the second approach is the so-called “twin-grating technique”, 

in which the optical power reflected by a sensing FBG is modulated by a second FBG acting as an edge filter, both 

FBGs having close Bragg wavelengths (Bragg). This technique presents some advantages, such as high resolution, 

especially for FBG sensors applied to AC measurements [7]. However, one limitation of this technique is that the 

nonlinearities present in the filter FBG spectrum contribute to measurement errors in the output signal of the 

interrogation system. 

In this work, we performed a study of several reflection spectra of FBGs on a LabVIEWTM simulation tool aiming 

at to identify the best type of FBG spectrum that guarantee the lowest distortion level in the output of a twin-grating 

interrogation system. We have also manufactured FBG sensors in laboratory in order to perform this study. 

 

2. Theoretical Background 

2.1 Fiber Bragg Grating 

An FBG consists of a periodic modulation of the effective refractive index of the fiber core generated by radiation 

with an appropriate ultraviolet light pattern. When a light beam of a given spectral width propagates through the fiber 

and reaches the FBG, a very narrow spectral band (centered at the Bragg wavelength, λBragg) is reflected, while the 
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other components pass through it without modification. The variation produced in the fiber refractive index, the 

modulation period and the length of the grating are determining factors for the transmission and reflection properties 

of each sensor. Mathematically, the λBragg is given by Eq. 1 [4]: 

 

𝜆𝐵𝑟𝑎𝑔𝑔 = 2𝑛𝑒𝑓𝑓𝛬      (1) 

 

Where neff is the effective refractive index of the fiber core and Λ is the periodicity of the refractive index change. 

Since the creation of the first FBGs, researchers have noticed that their spectra, even during inscription, were 

sensitive to variations in temperature and strain. In fact, there is a direct relation between n and the periodicity of the 

change of refractive index Λ with the variations of temperature and strain, according to Eq. 2: 

 

∆𝜆/𝜆𝐵𝑟𝑎𝑔𝑔   =  (1 − 𝜌𝑒) 𝜀 + (𝛼 +  𝜂) ∆𝑇                  (2) 

 

Where ρe is the photo-elastic coefficient of the fiber, α is the coefficient of thermal expansion and η is the thermo-

optical coefficient. 

2.2 Twin-Grating Interrogation Technique for AC Signals 

Fig. 1(a) shows a schematic setup diagram of the twin-grating interrogation technique. In this technique, light from a 

broadband light source (BLS) is guided to a sensing FBG, whose reflection spectrum reaches a filter FBG through an 

optical circulator. Since both FBGs are optical bandpass filters, the reflected light from the filter FBG is the 

convolution between both spectra, which is guided to an acquisition system. Any change in the optical power of 

convolution denotes a relative shift of the Bragg wavelengths of the FBGs. If the sensing FBG is under dynamic strain 

signals, such as in vibration or AC voltage and current applications, the filter FBG usually tracks the sensing FBG 

over wavelength shifts in order to compensate for optical power changes due exclusively to temperature [7][8][9][10]. 

Thus, the optical power signal received by the acquisition system in Fig. 1(a) contains both AC and DC components. 

The AC signal is directly affected by the nonlinearities present in the transfer function of edge filter implemented by 

the filter FBG. 

a) b) c)  
Fig. 1. (a) Schematic diagram of a classic twin-grating interrogation technique experimental setup; (b) Theoretical case of convolution between 

ideal FBGs; (c) Representation of convolution shape between two ideal FBGs and how does it influence an input sinusoidal signal (Adapted 

from [7]). 

Fig. 1(b) shows a condition/situation in which two hypothetical rectangular-shaped, wavelength-matched FBGs 

convolute in the frequency domain in a twin-grating interrogation system. In that situation, the sensing FBG is under 

AC wavelength shift and the filter FBG is fixed on/at a given wavelength. Fig. 1(c) shows schematically the full 

convolution spectrum originated by the twin FBGs spectra. It can also be seen in Fig 1(c) that, in that hypothetical 

condition, the interrogation system outputs a perfectly linear signal relative to the input, with sensitivity given by the 

slope of the convolution function at the operation point (red dot). In real world, however, FBGs do not have such 

rectangular-shape reflection spectra, and an actual twin-grating interrogation system is in fact a nonlinear system. 

Thus, the output signal seen in Fig. 1(c) using actual/real FBGs would contain nonlinearities inherent to the spectrum 

of the filter FBG.  
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3. Experiments 

3.1 FBG Fabrication 

The experimental setup used to manufacture the FBG sensors is shown schematically in Fig. 2 and consists of a 

Nd:YAG pulsed laser with two frequency modulators 2ω and 4ω (1), a phase mask for 1535 nm (2), a germanium-

doped fiber coil (3), an optical circulator, a broadband light source (ASE) (5) and an optical spectrum analyzer (OSA) 

(6) with a computer software to read the spectrum (7). After the inscription of the FBG in the fiber optic core, we used 

an Optical Sensing Interrogator (OSI) to extract its reflection spectrum. 

For a statistical study, we have manufactured a group of ten FBGs under the same conditions (temperature, UV 

energy, longitudinal stretch, time of exposition). Each pair of FBGs chosen for the simulation study in this work is 

statistically different.  

 
Fig. 2. Experimental setup for FBG fabrication in laboratory. 

3.2 Emulation of a Twin-Grating Interrogation System Using LabVIEW 

 

For the analysis of the output response of a twin-grating interrogation system using several pairs of FBGs 

manufactured in laboratory, we developed a simulation tool in LabVIEW, which control panel is shown in Fig. 3. In 

the developed software, the discrete-signal spectra of two wavelength-matched FBGs acquired previously in the OSI 

are read and mathematically convoluted. A subroutine is responsible for emulate a sinusoidal wavelength shift in one 

of the FBGs (sensing FBG), which simulates a sinusoidal strain signal applied to the sensing FBG, keeping the other 

(filter FBG) static. The result of this simulation is an AC signal that has AC and DC levels, as expected (“convolution 

signal output” graph in the control panel of Fig. 3) with acquisition rate of 60Hz. The Fast Fourier Transform of this 

signal is shown in FFT graph. 

 
Fig. 3. LabVIEW interface developed. 

The developed software allows the user to change the frequency and amplitude of oscillation of the sensing FBG, 

as well as its spectral position relative to the filter FBG. It is worth to mention that the relative spectral position 

between both FBG peaks determines the operation point of the interrogation system, which is represented by the 

vertical red line in the convolution plot of Fig. 3. The red line indicates the point on the convolution plot at which the 

input sinusoidal signal will be modulated. Thus, the linearity of the output signal will depend on the linearity of the 

region centered at the red line in the convolution plot. These are important features of the developed software, since 

the distortion level in the output signal is directly related to these key parameters. 

Proceedings of the Latin American Workshop on Optical Fiber Sensors, Rio de Janeiro (Brazil), 2019 52

Copyright SBMO 2019



 

4. Results and Discussion 

 

Fig. 4 shows a comparison between the results from the LabVIEW simulation tool for two pairs of twin FBGs 

manufactured in our laboratory. The pairs are distinguished by the UV energy used in fabrication. Fig. 4 shows: (a) 

the reflection spectra, (b) the convolution plot, (c) the output AC signal, and (d) discrete Fourier transform (DFT) for 

the first pair of twin FBGs. The same analysis can be seen in Figs. 4(e)-(h) for the second pair of twin FBGs. Both 

output signals were acquired using the same parameters in the LabVIEW simulation tool. 

It is clear from the qualitative analysis presented in Fig. 4 that the reflection spectra of the first pair of FBGs is the 

best choice for an FBG sensor applied to AC measurement, since it presented the lowest harmonic distortion, as shown 

in Fig. 4 (d) and (h). It can also be seen in the results that the best reflection spectra are those with highest side lobe 

suppression ratio (SLSR), which is one of the main parameters in the fabrication process of FBGs sensors. 

The results shown in Fig. 4 allow us to conclude that the output response that presented the lowest distortion is 

also related to the pair of FBGs that have the highest cross-correlation coefficient (greater than 0,9), which means that 

the repeatability of the spectra of the FBGs produced in our laboratory is of utmost importance to a twin-grating 

interrogation system. 
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Fig. 4. Reflection spectra of manufactured FBGs, with response under sinusoidal input signal, and spectral responses in function of best tracking 

point. 

The results obtained in this work are helping our research group to optimize critical parameters of the fabrication 

process of FBGs in laboratory, especially for application in twin-grating interrogation systems. Further experiments 

are being performed with an actual high-voltage sensor based on FBG that is being interrogated by a twin-grating 

optoelectronic system. 

Future work will include a systematic optimization of our laboratory FBG fabrication process taking into account 

other parameters, such as exposition time of the optical fiber to UV radiation, energy of UV beam, with the 

implementation of apodization techniques.  
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Abstract: This work proposes a novel approach to Long Period Fiber Grating (LPFG) 

interrogation involving power measurements to estimate the transmission spectra. The aim of this 

work is to develop a cheap alternative to the Optical Spectrum Analyzer. To accomplish this task a 

temperature modulated Fiber Bragg Gratings array was used. Accuracy close to half input 

spectrum resolution was obtained.  
 

 

1. Introduction 

Advances in instrumentation field have helped develop optical sensors technology due to optical components offer 

increase at a good cost benefit and a vast option of suppliers [1]. The so called Bragg Gratings (FBGs) and Long 

Period Fiber Gratings (LPFGs) are two important structures in optical sensing. Both are in fiber devices based on 

periodic modulation of fiber's refractive index. 

 

The LPFGs are easier to build structures in comparison to FBGs, once its modulation period is considerably 

bigger. This devices can be treated as sensor once they are notch filters whose central wavelength, denoted by 

𝜆res
m ,  varies accordingly to the environment, such as effective refractive index of the core 𝑛eff,co, cladding 𝑛eff,cl 

and grating period Λ [2,3]. The relationship between those parameters is: 

 

 𝜆𝑟𝑒𝑠
𝑚 = (𝑛𝑒𝑓𝑓,𝑐𝑜 − 𝑛𝑒𝑓𝑓,𝑐𝑙

𝑚 )Λ (1) 

 
This way one is able to correlate the actual measurement to LPFG's transmission spectra. This process is called 

interrogation and there is a great amount of techniques reported in literature, some require big and expensive 

equipment. One approach is to apply a broadband light source to the optical sensor and trace the spectrum variation 

using an Optical Spectrum Analyzer (OSA), another technique uses Tunable-lasers [4,5]. A cheap and compact 

solution is to use band-pass filters and photodetectors and track power variation [6-8]. 

 

Here we propose a mixed technique, in which, based on power measurements provided by an FBG array, 

LPFG's transmission spectra is estimated. To accomplish this task 5 temperature modulated FBGs and 5 photo-

detectors are used to send their readings to a computer. 

 

 
(a) 

 
(b) 

Fig. 1. (a) Experimental setup. (b) Spectrum estimator scheme. 
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2.  Methods 

The experimental setup proposed in this work consists of a broadband light source, the LPFG sensor and the 

spectrum estimator, as illustrated in Fig. 1a. The spectrum estimator itself is shown in Fig. 1b and it's made by a set 

of five filters and a PC. Each filter block has a FBG, a controlled heating bed to perform the temperature 

modulation, an optical circulator and a photodetector. 

 

Simulation of the proposed interrogation method was made to validate the quality of spectrum estimation, all 

of those five FBGs were simulated on OptiGrating at the central wavelengths: 1500nm, 1520nm, 1535nm, 1550nm 

and 1570nm. Each FBG were characterized by varying temperature in grating from 15°C to 125°C. A linear 

regression between temperature variation (where reference temperature considered was 𝑇𝑟𝑒𝑓 = 25°C) and central 

wavelength displacement on each FBG was performed to obtain the gratings sensitivities. Those regression plots 

can be seen in Fig. 2. 

 
Fig. 2. Linear regression between temperature variation and central wavelength displacement on each FBG.  

 

Optical power at measured by the photodetector is calculated by numerical integration on the reflected 

spectrum of FBG. Let 𝑅(𝜆) be the FBG refraction spectrum (after filtering the LPFG’s spectrum) and Δ𝜆𝑂𝑆𝐴 the 

OSA resolution: 

 

 𝑃𝑝ℎ𝑜𝑡𝑜𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 ≈
1

Δ𝜆{𝑂𝑆𝐴}
∫ 𝑅(𝜆)𝑑𝜆  (2) 

 

This calculation is performed for each filter that composes the array 11 times, since the FBG array is 

modulated with temperatures from 25°C to 100°C in eleven evenly spaced rounds. Therefore, a total of 55 power 

measurements are made, and those values are used as input to a Neural Network. The output of this network is the 

LPFG transmission spectra, and the reference data used to train and test the estimator is given by 24 transmission 

spectra of four different LPFGs, obtained previously by an OSA Anritsu MS9740A. 

 

Those reference data were filtered using mean-average filter to smooth the curve and to simplify the neural 

network architecture all of the 24 filtered spectra were down-sampled to 133 points at the same wavelength, so that 

the spectrum can be treated as a vector. Those 133 points corresponds to 1500nm to 1580nm evenly spaced 

samples, therefore, resulting resolution is 600pm. Finally, the dataset were split into groups: train (70%), test 

(15%) and validation (15%). 

 

The Artificial Neural Network (ANN) used in this work has a single hidden layer and sigmoid activation 

function. An ANN is a computation model inspired by animal’s nervous system. This model is made by a set of 

units called artificial neurons, connected between each other, and it is capable of mapping input-output based on a 

set of examples learned at training phase [9]. 

 

An artificial neuron makes a linear combination of its input (𝑥𝑖) by weights tuned during training (𝑤𝑖), summed 

with a given bias (𝑏) and passes this value to an activation function (Φ), as illustrated in Fig. 3a. Those neurons are 
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layered in a net structure, the first layer is called input layer, the last output layer and all layers between those are 

called hidden layers, Fig. 3b shows a three input network with two hidden layers (four neurons each) and single 

output. 

(a)                                                        (b) 

Fig. 3. (a) Artificial neuron. (b) 3x4x4x1 neural network (bias were omitted). 

 

To train the network used in this work, Bayesian Regularization Backpropagation algorithm was used. This 

method was chosen because regularization algorithms aims not only to minimize the neural network error, but also 

the weights, so that the network is smoother and has a better generalization [10], being great for small datasets. 

 

3.  Results 

In order to find the best hidden layer size, several ANNs were developed, trained and the resulting data analyzed. 

Ten tests were made for each topology, to minimize random initial weights impact. Those ANNs had from 4 to 32 

neurons in its hidden layer. To determine the most efficient hidden layer size, comparison based on Mean Squared 

Error (MSE) and Coefficient of Determination (𝑅2) on both train and test dataset was made. 

 

The chosen number of neurons is the least one that has acceptable error at train and test stage, to avoid 

overfitting. In order to improve the ANN generalization, similar performance in both train and test are desirable. 

Fig. 4 shows the results obtained from this model selection study, note that for a hidden layer size greater than 16 

neurons there is no significant improvement in MSE and 𝑅2 from the test set data, indicating that there is no 

improvement in model's generalization for bigger hidden layers. Therefore the 55x16x133 topology was adopted to 

perform the spectrum regression. 

(a)                                                                                          (b) 

Fig. 4. (a) Relationship between Hidden Layer Size and MSE. (b) Relationship between Hidden Layer Size and 𝑅2.  
 

The resulting MSE for the final Neural Network chosen is 0.0194 at the train set, close to the mean of tests for 

16 neurons on hidden layer obtained at the model selection (0.0174).  During training, weights optimization is 

made to reduce the error (MSE), this error gives an idea of how well the predicted spectrum curve represents the 

actual LPFG's transmission spectra, since outputs are given by optical power at a fixed set of wavelengths, so MSE 
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has units of dBm². But to evaluate the spectrum approximation, resonant wavelength displacement (𝛿𝜆𝑟𝑒𝑠) was 

also taken into account. Once MSE evaluates the whole spectrum approximation, 𝛿𝜆𝑟𝑒𝑠 evaluates the measure 

error, since it changes with environment properties variation. Table 1 shows both errors on each subset of the 

actual dataset. 

 

Table 1. Spectrum estimation errors. 

 MSE (dBm²) 𝛿𝜆𝑟𝑒𝑠 (nm) 

Train 0.0194 0.1889 

Test 0.8609 0.9114 

Validation 1.0444 0.4557 

   
Note that obtained mean resonant wavelength error in train and validation subsets are smaller than input 

spectrum resolution, while test resonant wavelength is smaller than twice this value. And especially, the whole 

dataset errors: MSE and 𝛿𝜆𝑟𝑒𝑠  are, respectively, 0.3305dB and 354.4pm, being that resonant wavelength error 

close to half the target spectrum resolution. 

 

4.  Conclusion 

Although a practical implementation of the proposed method is required to measure the time needed to perform the 

FBG modulation and its stability, this work shows that one can estimate a long period fiber grating transmission 

spectra using only five temperature modulated FBGs. This method decrease overall cost in interrogation methods 

that need whole spectrum evaluation. Future studies on other FBG modulation techniques and the use of fixed 

FBGs can lead to more practical applications of the proposed interrogation system. 

 

The proposed method also gives the opportunity to not only trace resonant wavelength displacement, but other 

spectrum based variables like attenuation and rejection band, for example. And accuracy can be improved by 

increasing reference spectrum resolution and training examples. 
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Abstract: In this work, an optical load cell was developed based on the intensity light 

variation get as a distance function between a light emitting diode (LED) and a FC-PC 

multimode optical fiber connector. The load cell is composed by a spring return and mass 

displacement system. The optical system consists of a LED in the infrared band whose 

emission is directed to a FC-PC multimode optical cord (MMF 62.5/125) , at another end 

of the optical cord the power was applied to a phototransistor. The resulting current in the 

phototransistor was amplified in a two-stage transimpedance circuit using general 

purpose operational amplifier. The voltage response was correlated to the value of the 

load applied to the system. Four tests were carried out, in which they exchanged the 

springs for return and loads intensities. Through the tests, the transducer’s calibration 

curves were done. The optical load cell shown in this work was developed for the cost 

reduction purpose and the reasonableness simple solution. 

 

1. Introduction  

 

Load cells are transducers with a great importance in industrial, commercial and laboratory applications. 

The operation principle is based in the applied force conversion into an electrical potential difference, in 

general, the load cells can be classified according to the output signal generated and the signal detection 

mode: metal strain gauge cells [1–3], mechanical cells [4], fiber optic cells [5], and semiconductor cells [6]. 

One of the conventional load cells applications is the quantification of breakage caused by cylindrical rocks 

impact [7]. The optical load cells technology, when compared with conventional load cells, have some 

advantages, such as electromagnetic interference immunity and, potentially, a simpler detection system. An 

using example of an optical load cell consists of measuring deformation on biological soft tissues, where 

the deformation is captured with an optical microscope [8]. Another load cells application is based in Bragg 

grating sensors, which can monitor temperature and strain, to prevent ice accumulation on transmission 

lines [9]. The optical load cells based in Bragg gratings have a relatively high-cost production and high-

cost measurement instrumentation [10]. In this work is propose, develop and calibrate an optical load cell 

based on light intensity changes, avoiding the use of Bragg gratings. 

 

2. Methodology 

 

The opto-mechanical load cell system proposed and characterized is formed by a movable beam sliding in 

two circular section rods, whose course is limited by compression springs involving the rods. On the 

movable beam, the load is applied with calibrated masses. In the loading process, the mass is applied in 

movable beam center through a negligible mass nylon thread. The weight force as opposed to springs 

resistance and causes displacement in movable beam, as shown in Fig. 1. The constructed optical load cell 

working principle is based on distance variation between a light emitting diode (LED) on a fixed base, 

height adjustable with FC-PC multimode fiber optic connector, 62.5/125μm, to movable beam fastened. 

Light is coupled and guided on optical fiber, and at other end to a phototransistor applied, which will present 

variation in its current conduction, in proportion to incident optical power. The power coupled to optical 

fiber undergoes variation directly proportional to the load applied on load cell movable beam, due to 

distance reduction between the LED and the fiber optic input. The light intensity applied to phototransistor 

and converted into electric current variation is subsequently amplified by the transimpedance, providing 

proportional output voltage. The distance between LED and fiber optic input can be adjusted to determine 

an average voltage level at transimpedance amplifier output, as well maximum movable beam  elastic 

displacement. Springs with different elasticity coefficients are changed depending from applied  load range.  

 

Proceedings of the Latin American Workshop on Optical Fiber Sensors, Rio de Janeiro (Brazil), 2019 59

Copyright SBMO 2019



 
Fig.1. schematic opto-mechanical load-cell  

 

The transducer mechanical part was made, which is formed by aluminum base (24 x 80 x 98 mm), two 

stainless steel rods with 8 mm diameter and 90 mm length, on which the compression springs were 

assembled. The same rods support and guide the movable beam displacement, through two holes with brass 

bushings, which laid down on the springs. At the transducer base there is a hole through which a nylon 

thread is attached to the moving beam, whereas, at the other end are applied different loads for transducer 

calibration tests using standard loads. The loads are from 100 g to 10 kg against gravity. Three compression 

springs pairs with different elastic coefficients are used. The load cell was assembled using aluminum/ 

stainless steel/ brass parts and was to the optoelectronic system connected, as shown Fig. 2: 

 

1. Optical connector FC-PC, fiber MMF 62.5/125  

2. Stainless steel metal rod for movable beam support and guidance  

3. Limit lock for movable stainless-steel beam 

4. Movable beam with optical connector support and for loading 

5. Stainless steel spring  

6. Stainless steel phototransistor support  

7. Loading Pendulum 

8. Pendulum passage hole 

9. Aluminum system base 

10. LED 

11. Metal base for LED fixing with height adjustment  

 

  
Fig.2. Load cell (A). front view; (B) side view 

 

The optoelectronic circuit is proposed, designed, assembled and characterized. Such circuit is composed of 

an IR LED as light source, model TIL 32, with wavelength centered at 940 nm (Fig. 3, block 2). As 

photodetector an IR band phototransistor TIL78 is used (Fig. 3, block 3). A two-stage transimpedance 

amplifier circuit is developed, with the amplifying purpose of photocurrent detected by the phototransistor 

(Fig. 3, block 4). The general-purpose operational amplifier integrated circuit chosen is TL084. 

Preliminarily the LED was aligned with the phototransistor, keeping distance of 30 mm, then the emission 

power is varied, as well as the amplifier gain, defining LED current values and amplifier output voltage 

range. Still on the transducer base, the LED was assembled in a system that allows height adjustment. Lastly, 
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an optical FC-PC connector, which captures the LED light and guide via the multimodal fiber (MMF 

62.5/125 µm), to the movable beam was attached, in line with the LED, to the phototransistor on the 

electronic board. The LED at constant current is biased in the range between 5 and 15 mA, using a DC 

voltage source (model TDS1001B) (Fig. 3, block 1). The temperature during all tests is maintained at 22 °C. 

The opto-mechanical load cell system maintains vertical alignment between the LED and the FC-PC 

connector, varying the distance between them, which is inversely proportional to the applied load. At the 

transimpedance amplifier output is obtained a DC response which is to the photo detected power 

proportional, which is measured with a digital oscilloscope, Tektronix (model DDS 1001B) (Fig. 3, block 

5). Fig. 1. shows the sensor block diagram.  

 

 
Fig. 3. Electronic system block diagram. 

 

Three springs are used to characterize the load cell, named A, B and C. The first spring used was A, with 

elastic coefficient 754,97 N/m. The second used spring was B with elastic coefficient 1208,09 N/m. The 

third used spring was C with elastic coefficient 6569,2 N/m. Four tests were performed to mechanical 

system characterize. Due to the spring’s different properties, the distance between the LED and the 

phototransistor had to be adjusted in a range between 15 mm and 35 mm, to avoid electric signal saturation. 

In the first test, the spring A was used with loads between 2.5 kg and 6 kg, with 500 g increments. Each 

loading is repeated 15 times to obtain an average, with load relief, 15 seconds stabilization time and load 

replacement. In the second test, the spring B is used with loads between 500 g and 3 kg, with the same 

increment. Each loading was 10 times repeated to obtain an average, with load relief, 15 seconds 

stabilization time and load replacement. In the third test, the spring A is used with load between 1 kg and 

10 kg, again using the same increment. Each load test is 5 times repeated to obtain an average, with load 

relief, 15 seconds stabilization time and load replacement. In the fourth test, the spring is used with loads 

between 0.3 kg and 0.9 kg, with 100 g pitch. Each load is 5 times repeated to obtain an average, with load 

relief, 15 seconds stabilization time and load replacement. 

 

3. Results 

 

The obtained function for the second and third tests, using a least squares exponential fitting is shown in 

equation 1: 

 

𝑦 = 𝑦0 + 𝐴1 ∗ 𝑒
(

𝑥−𝑥0
𝑡1

)
                                                           (1) 

 

where 𝐴1 is constant, 𝑦0 is the initial system voltage, 𝑥0 is the initial system load and 𝑡1 growth rate. In 

Table 1 are shown the coefficient values for the second and third tests. 

 

Table 1. Coefficient values for the second and third tests 

Coefficient Second test Third test 
𝑦0 0.4616 0.9110 

𝑥0 243.2884 1.8042 

𝐴1 1.7001 0.4078 

𝑡1 466.6899 3.5304 

 

The fitting function for the first and fourth tests presents a polynomial dependence, as shown in equation 

2: 

 

𝑦 = 𝑎 ∗ 𝑥2 + 𝑏 ∗ 𝑥 + 𝑐                                                                    (2) 

 

where a, b e c are constants, x is the load variable and y is voltage value. In Table 2 are shown the coefficient 

values for the first and fourth tests.  
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Table 2: Coefficient values for the first and fourth tests 

Coefficient First test Fourth test 
a 0.1845 0.0000 

b -0.2306 -0.0030 

c 2.1836 2.4981 

 

Due to the fact that uncertainties are small compared to averages, they would not appear if they were 

inserted in the graphs. The Fig. 3. shows the obtained graphs for the four tests, respectively, comparing the 

applied load and output voltage.  

 
     (a) 

 
     (b) 

 
     (c) 

 
      (d) 

Fig. 3. (a) First, (b) Second, (c) Third and (d) Fourth tests 

 

The Table 3 shows the average voltage values obtained through tests for the springs A, B and C. 

 

Table 3. Average voltage results and standard deviation for different applied loads in each spring 

Load(kg) First test 

Spring A 

Voltage (V) 

Second test  

Spring B 

Voltage (V) 

Third test  

Spring A 

Voltage (V) 

Fourth test 

Spring C 

Voltage (V) 
0.3    2.48 ± 0 

0.4    2.80 ± 0 

0.5  1.19 ± 0  3.34 ± 0.04 

0.6    4.00 ± 0.06 

0.7    4.98 ± 0.04 

0.8    6.32 ± 0 

0.9    7.28 ± 0 

1  1.52 ± 0.01 1.17 ± 0  

1.5  2.07 ± 0.01 1.25 ± 0  

2  2.88 ± 0.03 1.31 ± 0  

2.5 2.77 ± 0.07 4.42 ± 0.03 1.41 ± 0.01  

3 3.19 ± 0.07 7.44 ± 0 1.49 ± 0.01  
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3.5 3.6 ± 0.06  1.58 ± 0  

4 4.14 ± 0.08  1.71 ± 0.01  

4.5 4.91 ± 0.09  1.84 ± 0.01  

5 5.61 ± 0.07  1.97 ± 0.01  

5.5 6.67 ± 0.11  2.12 ± 0.01  

6 7.34 ± 0.14  2.29 ± 0.02  

6.5   2.46 ± 0  

7   2.66 ± 0.01  

7.5   2.96 ± 0  

8   3.22 ± 0.02  

8.5   3.59 ± 0.01  

9   3.98 ± 0.03  

9.5   4.43 ± 0.06  

10   5.2 ± 0  

 

The spring A resolution was 4,08 µV / g, spring B 1,84 µV / g and spring C 9,33 µV / g. 

 

4. Conclusion 

 

The described optical load cell used low cost materials and easily accessible in the marked, it also presents 

a direct response in terms of the electrical potential, avoiding the use of specific, high-end test & 

measurement equipments as, e.g., occurs with fiber Bragg grating sensors.    Comparing with electro-

electronic load cells, the proposed configuration has the sensing head independent of the data acquisition 

system, requiring only a single battery for powering the LED. It can also be used to monitor remote 

positions, as the optical signal, whose intensity changes with the applied load, is along the multimode 

optical fiber guided, which presents immunity to electromagnetic interference.  The used spring can be 

calibrated for several mass ranges, allowing a large operational dynamic range.  The mechanical assembly 

is quite robust, allowing its use in several demanding applications. The calibration curves are either 

exponential or polynomial, both of which can be easily embedded in an appropriate firmware.  
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 Abstract: In this paper it is presented core diameter mismatch structured devices that use 

multimode interference technique as optical fiber sensors. Singlemode-Multimode-
Singlemode (SMS) and Singlemode-Multimode-Singlemode-Multimode-Singlemode 
(SMSMS) configurations are used for measurement of refractive index (RI) and temperature. 
The best sensitivity achieved for RI measurements is obtained with the SMS sensor: 273.63 
nm/RIU. For temperature sensing, the best sensitivity attained is accomplished using the 
SMSMS sensor: 312.75 pm/°C.    
 

 Keywords: Core Diameter mismatch, Multimode interference technique, Reimaging. 
 

1. Introduction 
 

Optical fiber sensor (OFS) technology has been a major user of the technology associated with the 
optoelectronic and fiber optic communications industries. Many of the components associated with these 
industries were often used for fiber optic sensor applications [1-3]. OFS works by modulating one or more 
properties of the propagating light wave, including intensity, phase, polarization, and frequency, in response to 
the environmental parameter being measured. OFS has been studied intensively based on physical phenomena 
such as wavelength dependent absorption, photoluminescence and phase detection [3]. Compared with 
traditional sensors using electrical or magnetic principles, optical fiber sensors have a number of advantages, 
including low signal loss (attenuation), immunity to electromagnetic noise and chemical material erosion, small 
size and lightweight, possibility of multiplexing, feasibility of distributed and remote sensing, electrical 
passivity [1-5]. Measurement of salinity by using optical fiber technology has attracted lots of attentions in 
recent years due to the well known advantages of fiber optic sensors such high sensitivity, immunity to 
electromagnetic interference, low cost and weight.  

 
Multimode Interference (MMI) effect has recently attracted significant interest for a range of applications. 

A consequence of constructive MMI is the so called self imaging effect where a spatially periodic 
electromagnetic field can reproduce itself periodically along the propagation direction [6]. Meng et al. [7] 
produced a laser based salinity sensor on SMS fiber based on no-core multimode fiber section with 125 μm 
diameter. Enhanced measurement accuracy is achieved by inserting the sensor head into the cavity of an erbium-
doped fiber ring laser, because the laser’s linewidth is much narrower than that of the transmission peak. 
Salinity sensitivity of 19.4 pm/% in the range of 3.86% to 21.62% of NaCl was achieved. Aguilar-Soto et al. [8] 
used the self-imaging effect of an SMS fiber structure, based on a no-core MMF with 125 μm in diameter, to 
measure temperature; a typical sensitivity of approximately 13 pm∕°C in the temperature range from 25°C to 
375°C was achieved. Silva et al. [9] used MMI effect in an SMS structure, based on three MMFs with different 
diameters namely, 55, 78, and 125 μm. The sensitivity to external RI variations increased as the MMF diameter 
was decreased; the maximum sensitivity of 2800 nm/RIU for 55 μm MMF was attained.  

 
2. Theoretical Analysis 

2.1. Core Diameter Mismatch Structures 

Singlemode-Multimode-Singlemode (SMS) fiber structures offer all-fiber solutions for optical sensing with 
the advantages of easy of packaging and connection to optical fiber system [10]. The reflection occurring at the 
interface between the single-mode fiber and multimode fiber (MMF) due to the mismatch of the refractive index 
is found to be very small and can be neglected in practice [10]. The basic structure of this device is the SMS as 
shown in figure 1(a). The device consists of a short section of multimode fiber of 5.8cm length to ensure 
reimaging, which works as the sensing element, inserted between two singlemode (SMF) fibers.  
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The MMF section in the SMS acts as a core-cladding coupling mechanism due to the large core diameter 
mismatch (CDM) [11]. The SMS configuration concept is based on the fact that when the light field from the 
first SMF enters the MMF section, it excites several higher order modes, generating a periodic interference 
pattern along the MMF section. The MMF couples part of the light traveling along the core of the first SMF to 
the cladding of the second SMF, and this coupling induces a loss of power in the transmitted signal traveling 
along the core. 

 Another kind of CDM arrangement which is very similar to the SMS structure is the SMSMS structure in 
which two multimode fibers are spliced between three singlemode fibers. The basic structure of the SMSMS 
device is shown in figure 1(b). The middle SMF of length 2 cm is placed between the two MMF´s. To ensure 
reimaging the length of the MMFs are chosen to be 5.8 cm. The reimage is used because it enables to obtain the 
narrowest spectral bandwidth and minimum insertion losses [7]. When light propagates from MMF to SMF, part 
of the light will leak from the core of MMF to the cladding layer of SMF due to the different cores diameter 
between SMF and MMF. After they propagate to the second MMF, they re-couple to the core mode. Since the 
cladding modes in the SMF are guided by the cladding boundary, the middle SMF section is much more 
sensitive to the surrounding medium [12]. 

 

Fig.1. (a) Singlemode- Multimode-Singlemode structure (SMS), (b) Singlemode- Multimode-Singlemode-Multimode-Singlemode 
structure (SMSMS). 

The principle of the reimaging concept can be used in CDM structures and can be stated as follows: 
reimaging is a property of multimode waveguides by which an input field profile is reproduced in single or 
multiple images at periodic intervals along the propagation direction of the guide [6]. The reimaging distance 
occurs where the input source is replicated in both amplitude and phase. Reimaging for step index fiber appears 
at the distance Li [13]: 

 
𝐿 = 16𝑛 𝑎 𝑝/(4𝑚 + 1)𝜆    (1) 

Where 𝑛  is the refractive index of the core, a is the radius of the fiber core, p is an integer, m is the 
excited mode, λ is the wavelength. Assuming that 𝑝 = 1 and 𝑚 = 0, the field distribution at the input of the 
MMF is reproduced at: 

𝐿 = 16𝑛 𝑎 /𝜆     (2) 

3. Experimental Setup 

The experiments were conducted for refractive index (RI) and temperature (T) measurements with SMS and 
SMSMS structures. A no core multimode fiber of length 5.8 cm is used as the MMF and a Corning SMF-28 as 
the SMF. The experimental setups are shown in figure 2(a) for RI and (b) for temperature. The light from the 
broadband source (BBS) is transmitted through the sensor until the optical spectrum analyzer (OSA). The 
refractive index solutions are prepared by mixing NaCl and water. RI of the solutions is directly proportional to 
salinity [7]. The SMS and SMSMS sensors are tested for the refractive index ranging from the 1.338 to 1.376, 
which are the values of salinity in water. For temperature measurements, the SMS and SMSMS sensor are tested 
for the range between 23.5°C to 63.2°C. The sensors are placed alternately in the beaker with the refractive 
index solution and the experiment is conducted. For repeatability of the sensors every experiment is repeated 
three times. Sensitivities were obtained for all measurements and the best values only were used.    
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Fig. 2. Experimental setup for measuring (a) refractive index and (b) temperature. 

4. Results and Discussion 
4.1. Refractive Index Measurement 

Figure 3 shows the variation in the spectrum with different refractive indexes for (a) SMS and (b) SMSMS 
sensors. The sensitivities obtained for the sensors are shown in figure 4. The sensitivity attained for the SMS at 
dip 1 is 273.63 nm/RIU with R2 equals to 0.944. The sensitivity achieved for the SMSMS sensor at dip 1 is 
148.85 nm/RIU with R2 equals to 0.988.  

 

Fig. 3. Sensors spectrum variation for different Refractive Indexes (a) SMS sensor (b) SMSMS sensor.   

 

Fig. 4. Sensitivities for the SMS and SMSMS sensors for refractive index measurement. 

 

 

Proceedings of the Latin American Workshop on Optical Fiber Sensors, Rio de Janeiro (Brazil), 2019 66

Copyright SBMO 2019



4.2. Temperature Measurement 

        Figure 5 shows the variation in the spectrum with the change in the temperature for the (a) SMS sensor and 
(b) SMSMS sensor. The sensitivities attained for the sensors are shown in figure 6. The sensitivity obtained for 
the SMS sensor at dip 1 is 155.82 pm/°C with R2 equals to 0.98. The sensitivity acquired for the SMSMS sensor 
at dip 1 is 312.75 pm/°C with R2 equals to 0.975. 

 

Fig. 5. Variation in the spectrum due to changes in temperature for the (a) SMS and (b) SMSMS sensors. 

 

Fig. 6. Sensitivities for the SMS and SMSMS temperature sensors. 

5. Conclusion 

      In this work, optical fiber refractive index sensors and temperature sensors based on multimode interference 
effect are developed as an initial characterization analysis of these sensors. Refractive index and temperature 
change in the liquid can be measured from the wavelength shift in the sensors transmission peaks and valleys. 
The main contribution to the temperature sensitivity is due to the liquid temperature variation. The SMSMS 
sensor is more sensitive to temperature whereas the SMS sensor is more sensitive to refractive index. In a future 
work the simultaneous measurement of salinity and temperature will be proposed. 
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Abstract: The integration of Fibre Bragg Gratings (FBG) into the body of Lithium-Ion battery 
cells, for measuring both their strain and temperature to achieve better overall condition 
monitoring is reported. Sufficient data have thus been gathered to develop an appropriate model 
for the prediction and thus the prevention of battery failure. 

 

1. Introduction 

Lithium-Ion batteries are well known as a key technology of modern energy storage systems, with major 
applications both in electric vehicles and a significant range of portable devices used by us all day-to-day.  This 
type of battery has been shown to be the most effective to meet the energy requirements of these devices, allowing 
as they do both high peak power and high capacity [1]. 

Despite all these advantages seen in Lithium-Ion batteries over other energy storage technologies, there are 
still clear limitations in their use, which mainly are related to the safety and the optimization of the battery life-
span and capacity. For this reason, a number of studies involving better modelling of key Lithium-Ion batteries 
parameters, to allow a better understanding of the dynamics of their chemistry in order to maximize their 
performance, while not compromising the safety of their operation, have been carried out.  

The methods usually used to measure the battery state-of-charge (SOC) and state-of-health (SOH) are based 
on voltage and current measurements, using such data to create models that simulate as closely as possible the 
actual state of the batteries [1].  However, these methods have limitations and must be used together to enhance 
the reliability of the results and improve the real-life operation of Lithium-Ion battery systems for many 
operational uses.  Fibre optic sensors have proven very valuable for obtaining useful data, to allow better battery 
characterization and create other electrical measurements. On that rationale, Fibre Bragg Gratings (FBG) take 
advantage of their immunity to electromagnetic interference and their being good insulators, with the additional 
advantage of being easily multiplexed as compared to their electrical competitors, such as thermocouples or strain 
gauges. For these reasons, FBG technology has been widely applied to the measurement of both temperature [2] 
and strain [3] in Lithium-Ion batteries, as a knowledge of these parameters is essential for the better understanding 
of the lithiathion/delithiation processes and their influence on the battery SOC and SOH. 

Although the integration of FBGs inside the battery cell has proven feasible, the thrust of this work has been 
to measure the strain and temperature outside the battery package where the data are easier to obtain and yet can 
be equally effective, in that way to enhance the applicability of this kind of measurement in industry.  It is well 
known that battery performance could be affected by the integration of fibres inside the battery cell [4].  A similar 
approach has already been proven useful to enhance the performance over that available from conventional sensors 
for thermal characterization [5].  Thus, the focus of this work has been to extend this to multi-parameter 
measurement, as a knowledge of strain plays a key role in understanding the dynamic of the process [3] and battery 
performance and safety. 

As a result, this work has aimed to apply the advantages of FBG technology to measure the strain and 
temperature conditions in Lithium-Ion batteries, to serve as a proof-of-concept of a non-invasive optical fibre-
based method to create a self-sensing smart-battery capable of optimized operation to meet the high performance 
in measurement, demanded by the next generations of electrification systems. 

 

2. Experimental Methods 

The FBGs used in this work were manufactured using the phase mask method and inscribed in photosensitive 
fibres supplied by Fibercore (PS1250/1500), using ultraviolet light from a high power KrF excimer laser.   Further, 
in order to create an effective comparison with well-established methods, a Coulomb-counting set-up was created 
using a NI DAQ USB-6211 and a 0.1 Ω resistor, set up in parallel with the fibre sensors and thus to allow a 
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measurement of the current and the voltage of the cell.  All cycles were performed at constant current and constant 
voltage (CCCV) charge and constant current (CC) discharge.  Fig. 1 shows an illustration of the set-up used. 

 

 

Fig. 1. Schematic of the electrical assembly, the fibre optic monitoring system and the Coulomb counting circuit. 

The batteries were monitored by using both the Coulomb counting circuit and the optical fibre sensors, 
measurements being made for each cycle, using current rates of 0.5C, 1C and 2C, at room temperature.  In 
addition, a further temperature sensor was used for monitoring the room temperature.  Two different models of 
Li-Ion batteries were evaluated: a Lithium-Polymer type from Varta (with capacity 1100 mAh) and a more widely 
used type, a Duracell DR9664 (with capacity 700 mAh), such as is used in digital cameras. 

The main differences between them is in their chemistry, capacity and packaging, where the Varta battery is 
a pouch cell and the Duracell has a rigid metal package.  Two FBGs were used in the monitoring system: the first 
to measure strain (where the fibre was glued to the battery surface), and the second to monitor temperature, this 
one being left unglued to avoid any strain cross-sensitivity. The interrogator used to monitor the FBG 
characteristic response was a Micron Optics device, type SM 130. 

 

3. Results 

Several tests were carried out where the batteries were monitored and the data on temperature and strain were 
logged and then plotted to allow a comparison of the effects of current rates and battery types.  Fig. 2 shows the 
graphs plotted of temperature and strain changes during the cycling of the batteries using 0.5C (Fig. 2a and Fig. 
2d), 1C (Fig. 2b) and 2C (Fig. 2c).  Data from Fig. 2a, 2b and 2c were results from tests done with the Lithium-
Polymer battery, while data shown in Fig. 2d were obtained from the Duracell type.  All the graphs shown were 
obtained after cycling the battery 10 times, with the same current rate used in the cycling recorded. 

It is clear from the graphs shown in Fig. 2 that the current rate with which the battery is charged and discharged 
will affect the strain and temperature recorded.  The graphs obtained maintain the same shape when the same 
current rate is applied (data not shown), which indicates these data are representative of the battery itself – thus 
this approach could be used to characterize these batteries.  This shows a very important aspect on the optimization 
of the battery that is to determine whether the current applied could then damage the battery and whether it would 
be possible to identify any changes arising due to damage to the cells from the profiles shown in the figures.  

Comparing the graphs seen in Fig. 2d, with those in Fig. 2a, 2b and 2c, it can be seen that the chemistry of 
the battery will also influence the shape of the graphs, indicative of the fact that the battery can be characterized 
through a closer analysis of their temperature and strain behaviour, under charging and discharging.  In the case 
of the battery data which are shown in Fig. 2d, the behaviour seems simpler and indeed more linear, as the strain 
increases on charging and decreases on discharging – the same pattern as observed in the work of Bae et all [3].  
These results are indicative that the chemistry of this battery is simpler than that of the Lithium-polymer batteries 
which have also been tested. 
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Fig. 2. Representative graphs of strain and temperature measurements for the Lithium-Polymer pouch cell (a, b and c) and for Duracell (d) 
during a cycle of CCCV charging and CC discharging with current rates of 0.5C (a and d), 1C (b) and 2C (c).  

Comparing the graphs seen in Fig. 2d, with those in Fig. 2a, 2b and 2c, it can be seen that the chemistry of 
the battery will also influence the shape of the graphs, indicative of the fact that the battery can be characterized 
through a closer analysis of their temperature and strain behaviour, under charging and discharging. In the case 
of the battery data which are shown in Fig. 2d, the behaviour seems simpler and indeed more linear, as the strain 
increases on charging and decreases on discharging – the same pattern as observed in the work of Bae et all [3]. 
These results are indicative that the chemistry of this battery is simpler than that of the Lithium-polymer batteries 
which have also been tested. 

To investigate further the applicability of this measurement approach for the future estimation of both SOC 
and SOH, strain data were compared to the battery capacity over a known period of time.  Fig. 3 shows these 
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c) 

parameters which were monitored during one charging/discharging cycle of the batteries. The graphs begin at zero 
capacity, which is fully discharged, to approximately -1 Ah, indicating a fully charged Lithium-Polymer batteries. 

 

 
Fig. 3. Graphs showing the strain and the capacity during a full cycle of charging/discharging of the batteries at 0.5C (a), 1C (b) and 2C (c). 

In Fig. 3, as with Fig. 2, again the shapes of the graphs are consistent when comparing the data obtained from 
the cycling at the same current rate, but they differ when the current rate is changed.  As expected, data for the 
cycling at 1C shows a lesser level of strain compared to other rates and cycling at higher rates will cause the 
battery to lose capacity over multiple cycles.  Therefore, monitoring of this kind of relationship is crucial to the 
optimization of the battery health, in addition to the strain data obtained over time. 

 

4. Conclusion 

Data obtained from cycling of the batteries discussed suggests that there is a very characteristic dynamic that can 
be perceived through the strain and temperature measurements made.  They also relate directly to the capacity of 
the batteries, in a way that can be used as an input for an effective modelling of the battery characteristics and the 
actual SOC and SOH.  Future work planned aims to use these kinds of data to create a classification algorithm 
that may be able to quantify the SOC and SOH and thus ultimately optimize the battery to create a maximum life 
span and battery performance. 
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Abstract: Fabrication  steps  of  a  sensing  system  composed  of  four  optical  fiber  macro-bend  sensors
embedded in silicone sheet are described. Sensing ability was tested by individually applying loads from 0.0
kg to 3.0 kg on the sheet surface. Preliminary results show the system ability of detecting loads applied in
areas not coinciding with the sensors positions.

1. Introduction

Optical fiber and its based technologies have been extensively exploited in the last decades promoting advances
and  innovations  in  different  areas.  Industries,  mainly  those  related  with  optoelectronics  and  optical
communications,  have  experienced  a  remarkable  growing by reducing  fabrication  costs  and providing new
technologies also used to leverage other areas as optical fiber sensing [1]. Optical fiber inherent characteristics
as reduced weight and size, electromagnetic immunity, high sensitivity and high temperature resistance enable
its  application  for  sensing  parameters  as  electrical  and  magnetic  fields,  temperature,  pressure,  vibration,
deformation, humidity, among others [2]. As a consequence of the optical fibers great versatility, more complex
applications have emerged requiring simultaneous monitoring of single or multiple parameters. As a result of
the efforts spent to fulfill the special sensing needs, a great variety of multiplexing and distributed optical fiber
systems have been proposed [3]. A multiplexed sensing system allows collecting information from each sensor
of  a  sensing  array  enabling  the  mapping  of  the  measurand  over  a  large  area,  with  a  simpler  setup  when
compared with a non-multiplexed system.

Among the optical fiber sensors, those based on macro-curvatures which are intensity-modulated sensors
play an important  role due to the simple and low-cost characteristics of fabrication as well as interrogation
schemes. Intensity losses, resulting from coupling between guided and radiation modes that occur when the fiber
bending changes, are the basis of the macro-bend sensors operation. However, since losses in optical fibers are
also wavelength dependent, complexes models have been developed to take in account the combined effect of
both parameters [4-6]. Nevertheless, simplified models consider losses having exponential dependence with the
curvature radius and wavelength as exp(-R) and exp(+), respectively  [7]. Another phenomenon that allows the
application of this type of sensor is the interference between whispering gallery modes and the core mode,
which results in fringes in the transmission spectrum of the fiber  [8,9]. Such class of devices was applied, e.g.,
for voltage and temperature sensing as well as part of a refractometer [10-12].

In a previous work, it was proposed a method for multiplexing a set of in-series optical fiber macro-bend
sensors [13]. The method was tested in the detection of the location and magnitude of loads applied directly on
the sensors. In this work, a set of macro-bend sensor elements was embedded in silicone elastomer forming an
array of four in-series sensors.  Preliminary tests were carried out in order to determine the system ability in
detecting loads applied in areas that are not coinciding with the sensors locations.

2. Methodology

The sensing array is composed of four in-series macro-curvature sensors embedded in a silicone elastomer sheet
(Dow Corning, BX3-8001). This elastomer was used in previous works for encapsulation of FBG based sensors,
where the sensitivity and hysteresis characteristics of the silicone were studied [14,15].  First, the four sensor
elements were individually fabricated using monomode optical fiber (SSMF, G-652, Draktel),  producing four
slightly different sensors. Each element is an optical fiber loop with diameter of 5.0 mm encapsulated in silicone
elastomer (Dow Corning, BX3-8001) resulting in a small  cylinder,  Figure 1. Then, the four elements were
adequately arranged in a square mold, with the lateral surface of the cylinders kept in contact with the mold.
After than, the mold is filled with silicone elastomer in order to completely embed the elements forming a
square sheet with smooth and flat surface and dimensions of (100.00 ± 0.05) mm x  (100.00 ± 0.05) mm x (8.00
± 0.05) mm, Figure 2(a). Sensing is based on the intensity changes of the optical signal transmitted by the set of
sensors when loads are applied on the sheet surface. Five different regions of sensing indicated in Figure 2(b)
were tested by detecting the transmitted signal when loads of 0.5 kg, 1.0 kg, 1.5 kg, 2.0 kg, 2.5 kg or 3.0 kg
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were  positioned on one of the sensing regions.  The transmitted spectra were recorded  10 s after  the loads
application. Each test, carried out at a controlled temperature of (22.0 ± 0.5) ºC, was repeated 10 times in time
intervals of 20 s.

Fig. 1 - Diagram of an individual cylindrical sensor element. The fiber is encapsulated with a 5 mm diameter loop in silicone elastomer.

Fig. 2 - Square sensing array: (a) Sensors positioning: the four individual in-series sensors are encapsulated together and symmetrically in a
mold filled with the same silicone elastomer, forming a flexible tactile system. (b) The five sensing areas used to probe the sensing scheme.

Light  of  a  broadband  visible  source  (LS-1  Tungsten  halogen  lamp,  Ocean  Optics,  360  a  2000  nm)
transmitted by the sensing array is collected by a spectrometer (HR4000, Ocean Optics) and its spectrum is
recorded in the range from 400 to 800 nm. Each spectrum is averaged 10 times with an acquisition time of
70 ms. The interrogation scheme is shown in Figure 3.

Fig. 3 – Interrogation scheme used to characterize the tactile sensing system.
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3. Results and Discussion

In order to evaluate the macro-bend sensor ability of detecting loads, an individual macro-bend sensor element
was  submitted to loads from 0 kg to 3.0 kg applied directly on the lateral surface of the silicone cylinder. The
obtained results are shown in Figure 4, which reveals a complex behavior for the sensor response.  Each applied
load produces a distinct transmission spectrum, nevertheless with a different non-linear response at any specific
wavelength. The observed spectral changes are associated with both, bending losses and light coupling between
whispering gallery modes and core mode. 

Fig. 4 - Transmission spectra obtained for different loads applied directly to an individual macro-bend sensor.

Figure 5 shows the sensing array response to different loads applied individually on the 5 regions indicated in
Figure 2. For all the tested loads and sensing regions, changes are observed in the transmission spectrum of the
sensing array at the visible spectral region. From a general point of view, as the applied load increases more
perceptible spectral changes are generated. Transmission spectra are distinct when the sensing array is submitted
to an specific load on different regions. This behavior points out to the possibility of extracting the spatial
information coded in the signal, related to the load application position. Besides, different loads acting in the
same  position  changes  the  array  transmission,  making  possible  to  access  the  magnitude  of  load  from the
spectrum. 

Fig. 5 - Transmission spectra obtained for different loads applied individually on 5 different regions of the sensing array.
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 Positive or negative intensity changes can be produced depending on both, the load and the position of the
sensor elements with respect to the sensing region. Regardless the magnitude of the load, for the tested sensing
array, the central sensing region (named region 5) results in more significant losses. For this configuration, the
detected intensity losses are probably due to deformations induced in the four sensing elements. On the other
hand, the most significant positive changes of intensity are produced with load application on sensing region 3.
Despite being pairs of regions symmetric and diagonally opposite, regions 1 and 4 as well as 2 and 3 provide
distinct transmission spectra when subject to a same load. Because the four sensors are slightly different, it is
possible to create regions that have different sensitivities when subjected to the test loads. Therefore, despite the
symmetry between regions and sensor distribution, it  is expected that symmetrically spaced regions present
different sensitivities, which justifies, for example, the high sensitivity of the region 3 when compared with the
1, 2 and 4 regions.

The complexity of the spectral changes generated in the transmission spectrum when a load is applied to the
sensing array is associated with bending losses occurring in the sensing elements as well as light coupling from
whispering gallery modes. The combined response of the four sensors depends on the manner in which the array
of sensors is affected by the applied load and carries information about the wavelength dependent intensity
losses.

4. Conclusions 

A flexible sensing system based on an array of macro-bend sensors containing a reduced number of sensors
regarding the number of sensing regions was fabricated.  The preliminary tests carried out with the sensing
system indicate that the information present in the array transmission spectra at the visible spectral range may be
used for the determination of the magnitude and/or location of loads applied to the system. For this purpose,
additional tests involving not only the simultaneous application of two or more loads but also the increase in the
number of sensing areas are still necessary. Additionally,a detailed examination of the results should lead to the
choice of an adequate method for the data analysis. 

Other sensing approaches can be used to evaluate the multiplexing capability of optical sensors, such as
the optical time domain reflectometry (OTDR) or fiber Bragg gratings (FBGs). Compared with OTDR, the main
advantage of the system proposed in this work is its spatial resolution. The most common OTDR systems have a
spatial resolution of about 1 m, whereas the system demonstrated here have an average distance of 4 cm. On the
other hand, FBGs normally require the use of more expensive infrared interrogation equipment when compared
with the visible spectrometer used in the present work.
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Abstract: In this paper a study of multimodal interferences in optical fiber curvature sensor is 
presented. The sensor consists of a Mach-Zehnder interferometer based on Core Diameter 
Mismatch technique. The analysis provided a numerical model of adjustment by the diameter in 
the multimode section with the purpose of acquiring better linear results. 
 

 
1. Introduction 

Recent advances and cost reductions in optical devices have stimulated the interest in Optical Fiber Sensors (OFS) 
applied to measure physical and mechanical parameters. Countless researches have exposed the great advantages 
of OFS such as low cost, compatibility, electromagnetic interference immunity, applicability and their versatility 
such as sensors of temperature, vibration, magnetic field, curvature, among others compared to conventional ones 
[1-4]. The wide versatility of optical sensors permits the measurement of curvature with great applicability as fluid 
flow sensor [5] and monitoring of Structural Health Monitoring (SHM) [6]. In these cases the real-time 
measurement sensor is crucial for the quantification of structural data in order to provide the reliability of the 
results [7]. Considering this fact, optimization methods become extremely important for the purpose of acquiring 
higher accuracy in instantaneous feedback measurement. 

In this work the study of modal optical power propagating in Singlemode-Multimode-Singlemode-Multimode-
Singlemode (SMSMS) structure with curvature enables a way to ensure adjustment in the linearity of the OFS 
based on core diameter mismatch technique. Section 2 shows the operation principle of the sensor. Section 3 
presents the modeling of the sensor with practical results and the theoretical analysis. In section 4 it is presented 
the results and the reasons of the adjustment in the core diameter of the OFS based when curvature is applied. 

 
2. Sensor Structure and Principle of Operation 

The proposed sensor is a Mach-Zehnder interferometer and its configuration is showed in Fig. 1. The sensor is 
formed by fused splicing process of a Single Mode Fiber (SMF) section between two Multi Mode Fibers (MMF) 
sections and each MMF is spliced to an incoming and output SMF. The fused process is provided by the FSM-
60S splicing machine from Fujikura Ltd. The MMFs sections act as light couplers and re-couplers due to the core 
diameter mismatch, and the SMF section in the middle acts as the sensor element due to the modes that propagate 
in its cladding [7]. The fibers used in this work have the following diameters of core/cladding: SMF is standard 
SMF-28 from Corning, Inc. and MMF 105/125 µm.  

 

 

Fig. 1. Schematic diagram of the SMSMS structure. 
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The light of the Broadband source (BBS) is injected into the input SMF to MMF1. The BBS used is the SLD1005S 
THORLABS model. Part of the light scatters in the MMF region. When the light is coupled from MMF1 to SMF2 
low order cladding modes are excited [7]. The cladding modes will be re-coupled to the fundamental mode of the 
output SMF through the MMF2, in this union point the modes interfere with each other due to the phase difference 
between them [7]. 

3.  Experimental Setup and Simulation 
 
Fig. 2 shows the experimental setup, which bend measurements were performed by fixing the SMSMS sensor 
straightly on two blocks. One of them was mounted on a micropositioner stage for bending the fiber. The 
measurement was performed using an Optical Spectrum Analyzer (OSA) and BBS operating with a bandwidth of 
100nm and a central wavelength at 1550nm. When the light from the BBS is injected into the straight fiber, the OSA 
is used to interrogate the sensor when the bent is applied. The range of curvature is calculated using Eq.1 [8].  
 

 
Fig. 2. Experimental Setup.	 

                𝐶 = !
!
= !"

!!! ! ! !  (1) 

  
where 𝑑 = 𝐿! − ∆𝐿, 𝐿! is the initial distance between the two micro-positioners, ∆L is the distance variation and h is 
the bend deepness. The MMFs sections, due to the large CDM, act as light couplers and re-couplers, and the SMF 
section in the middle acts as the sensor element due to the modes that propagate in its cladding. Initially, three 
lengths of MMFs sections were analyzed: 3mm, 4mm and 5mm. As one can observe in Fig. 3(a), for the curvature 
range from 2.8µm-1 to 5.5µm-1, the length that performs an acceptable linear behavior is 4mm, while those of 3mm 
and 5mm present positive and negative trends inclination depending on the curvature range. This phenomenon is 
explained by the influence of the field deformation consisting in a possibility to use a range of curvature in 
multimode optical fiber structures that provide the decrease in the radiation losses of low order modes and increase 
the losses in high order modes [9]. Thus, the length of 4 mm was chosen for the analysis of the sensor. 

  
Fig. 3. (a) Experimental Results for 3mm,4mm and 5mm of MMF section length. (b) Experimental and Simulated curves are 

compared to SMSMS curvature sensor with 4mm MMF length. 

Fig. 3(b) compares the experimental and simulation results for the sensor which comprises the MMFs with 4 mm. 
The simulations were performed using the Beam Propagation Method (BPM), through the BeamPROP® program 
from Rsoft company in conjunction with the conformal mapping technique [10] which consists of a coordinate 
transformation in which a curved fiber is represented in a straight line, as described by Eq.2: 
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                 𝑛𝑒𝑞 𝑥, 𝑦 = 𝑛 𝑥, 𝑦 1 + 𝑥
𝑅𝑒𝑓𝑓

     
  (2) 

 

where 𝑛𝑒𝑞 𝑥, 𝑦  is the equivalent refractive index, 𝑛(𝑥, 𝑦) is the refractive index of the straight fiber, 𝑅!"" is the 
equivalent bend radius and x is the perpendicular axis in which the curvature occurs. A 3D-BPM model was used 
with an implicit finite-difference approach. It is necessary to consider that analyzing the input numerically 
approximations are fundamental to acquire better results like boundary conditions and grid. The maximum and 
minimum value of the mesh grid was 1µm and 0.01µm respectively and the value of the wavelength used was 
1550nm to get closer to the experiment. Transparent boundary conditions were numerically included to avoid 
reflection of computational mesh limits. We used only 4 sampling points due to the high fragility of the sensor 
within the range of macro curvature. The information collected was sampled as the sensor was curved and then 
sampled again stretching the sensor to realize that in this array of curvature the sensor was in the elastic region of 
deformation [11]. Fig. 3(b) shows that the simulated result has a non-linear behavior with a loss tendency like the 
experiment result. 

 

 4.Results and Discussion 

It has been numerically and experimentally verified that variations in the structure specifications cause changes in 
the sensor output results. Fig. 4 shows the energy per length of the SMSMS fiber structures with diameter of the 
MMFs of 50µm, 62µm and 105µm in curvature action. The results obtained numerically show that the structures for 
50µm and 62µm to this range of curvature (2.8µm-1 to 5.5µm-1) do not have a desirable behavior. One of the factors 
is the presence of energy peaks by constructive modal interferences in the MMF1 marked by red. These peaks vary 
the amplitude as a function of the curvature by the same reason of the field deformation. This effect provides 
difficulties to acquire more linearity in the results in Fig. 4(a) and Fig. 4(b). In contrast, the structure with MMF 
diameter of 105µm, Fig. 4(c), presents more stable energy propagation through the fiber length. 

 

 
                           
                          (a)                                                                                   (b)                                                                        (c) 

 
Fig. 4. Energy per length of the SMSMS fiber structure: 50um(a) 62um(b) and 105um(c) 

 

Considering a SMSMS curvature sensor with 105µm of core diameter and length of 4mm as the best option within 
the range of analyzed parameters we can consider the internal modal power division in curvature action like one of 
the cases to study with the finality to acquire a better performance in the sensor. It is possible to change the number 
of modes excited in the input of a multimode sensor varying the width of the multimode section thereby creating a 
new energy distribution in modes. The numerical simulation was performed to enhance the SMSMS curvature 
sensor (Fig. 3(b)). In this case, varying the multimode section diameter, one can provide different propagation 
energies of the modes as a function of the curvature and find one with good performance to base the study of this 
paper.   
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Fig. 5 presents the results of two simulated structures with the MMF core diameter sections of 94.5µm (90 percent 
of 105µm) and 93.45µm (89 percent of 105µm). The values of the determination coefficient (R2) are 0.96009 and 
0.99831 respectively. The R2 in Fig. 3(b) is 0.88709. So, it is possible to see that adjusting some parameters of the 
sensor enables considerably more linearity in the result whereas the value of R2 higher than 0.99 presents good 
performance.  

 
 

 
Fig. 5. Optical Power as a function of Curvature variation in SMSMS sensor with 94.5µm and 93.45µm of MMF core diameter. 

 

5.Conclusion 

In this work we presented numerical and experiment study that provided an adjustment by core diameter based on 
the Beam Propagation Method that is able to acquire better performance to SMSMS curvature sensor. This goal was 
based in studies of multimode interferences that occurs in this kind of sensor and achieved simulated results with the 
determination coefficient from 0.88709 to 0.99831. This analysis has a great potential for future studies to obtain a 
method that consists in creating a better performance in optical fiber sensors and bring to this kind of sensor more 
applicability to analysis that is necessary a real time feedback response. 
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Abstract: We demonstrate the fabrication of an arc-induced long period fiber grating (LPFG) 

with opposite point-by-point modulation. The produced LPFG exhibited low polarization 

dependent loss (PDL) and a linear torsion sensitivity up to 0.197 nm/(rad/m), which is higher 

than that of the traditional arc-induced LPFGs.  

 

1. Introduction 

Long Period Fiber Gratings (LPFGs) are optical devices, which have been widely used in optical fiber 

communication [1,2] and sensing systems [3,4]. Over the years, different methods for fabricating LPFGs have 

been demonstrated. For instance, LPFGs were fabricated based upon ultraviolet (UV) laser irradiation [5], 

mechanical deformation [6], electric arc induced perturbations [7] and CO2 exposure method [8]. Among them, 

the arc discharge method has particularly drawn wide attention due to its straight, flexible and economical step-

by-step procedure [9]. In this method, the grating is produced by exposing periodically the longitudinal axis of 

the optical fiber to electric arc discharges, which are generated by a fusion splicer machine. During the 

inscription procedure, the fiber is kept under constant longitudinal tension, which thins and elongates the fiber 

section heated by the arc discharge [10]. Moreover, the electric arc discharge has a temperature gradient, which 

causes asymmetry of perturbation in the optical fiber and therefore, induces transverse and longitudinal 

perturbations in each arc-induced section and depends on the fabrication conditions [11,12]. Furthermore, the 

formation of the LPFGs are mainly attributed to the modulation in the geometry along the optical fiber due to 

fiber localized tapering and changes in the refractive index of the silica [13-15]. 

In this paper, we report a new fabrication technique of arc-induced LPFGs. Distinguishing from the 

traditional arc discharge technique for inscribing LPFGs, the proposed method is based on axial rotation of the 

optical fiber at each electric arc discharge so that the induced asymmetric perturbation rotates by an axial angle 

of 180° along the axial direction of the fiber. Therefore, inducing the opposite asymmetric modulations along 

the cross section of the fiber. Moreover, we present an investigation of the torsion sensitivity of the produced 

LPFG and its spectral characterization of polarization dependent loss (PDL). By using the proposed electric arc 

technique, the results show that it is possible to fabricate a grating sensor with a low PDL less than 1 dB, whose 

torsion sensitivity is higher than that of the conventional arc-induced LPFGs. 

2.  LPFG fabrication 

The representation of the experimental setup for fabricating the LPFG rotated by an axial angle of θ = 180° at 

each electric arc discharge is shown in figure 1. We developed an automatic computer-assisted fabrication 

process to control the inscription process of the grating and improve the alignment of the fiber position and 

electrodes. It consists of a commercial fusion splicer (Jilong KL-300T) integrated with two motorized rotation 

and translation stages (RTS), a mass of 12 g weight to apply a constant tensile force of approximately 0.12 N to 

the fiber before it is fixed in the RTS, a high precision pulley, and a personal computer (PC). Furthermore, the 

inscription system has two high precision rotation and translation stages (RTS). Each one comprises a 

translation motor to displace the fiber in +z direction and a rotation motor to perform the rotation of the fiber by 

an axial angle of θ = 180°. It is important to note that both RTS 1 and RTS 2, which can be observed in figure 1, 

are synchronized and controlled by a personal computer. Therefore, the translation motors move the optical fiber 

in the same direction (+z) at the same time, whereas the rotation motors rotate the fiber by the same axial angle. 

Moreover, we used two flags attached to both ends of the fiber to visualize the rotation of the optical fiber at 

each arc discharge throughout the fabrication process. The grating sensor was inscribed in a Corning SMF-28 

with arc power of 90 bits (manufacturer unit), exposure time of 500 ms, and grating period of Λ = 530 µm.  The 

transmission spectrum of the LPFG was monitored using an Optical Spectrum Analyzer (OSA) from Anritsu 

(MS9740A) with a wavelength resolution of 30 pm and its built-in broadband light source (BBS). The proposed 

fabrication procedure consists of two main steps. The first step consists of applying the first electric arc 

discharge, moving the fiber according to the desired grating modulation period towards +z direction, which 

translates the fiber to the next arc discharge longitudinal position, and rotating the fiber by an axial angle of θ = 

180°. The second one performs the next arc discharge, inverse rotates the optical fiber, which implies in an axial 

rotation of θ = 180° in the opposite direction (-θ), and translates the fiber in +z direction for the next electric arc 

discharge position. Then, these steps are repeated many times until a desired transmission spectrum is achieved. 
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Fig. 1. Schematic representation of the fabrication setup of LPFGs with rotation of the fiber by an axial angle of θ = 180°. 

 

Figure 2 shows the experimental microphotograph of produced grating, which emphasizes a section of the 

LPFG with the location of two consecutive arc zones and therefore, representing an approximation of the 

modulation period of the grating. In addition, we can observe the geometric modulation of the optical fiber, 

which is visualized as a reduction of the fiber diameter of approximately 14.1 µm. Figure 3(a) shows the 

transmission spectrum of the LPFG produced with grating modulation period of Λ = 530 µm, grating length of 

20Λ = 10.6 mm and axial rotation angle of 180°. Besides, we can observe two attenuation dips located at 

resonant wavelengths of 1505.37 nm and 1565.75 nm. In order to identify the cladding modes of the resonant 

wavelengths observed in figure 3(a), we have simulated the phase-matching curves for the produced LPFG 

using OptiGrating v. 4.2 software by Optiwave, which can be observed in figure 3(b). 

 

 
 

Fig. 2. Microphotograph of the LPFG produced with opposite point-by-point modulation. 
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Fig. 3. (a) Transmission spectrum of the produced LPFG with Λ = 530 µm and fiber axial rotation angle of θ = 180° at each arc discharge. 

(b) Simulation of the phase-matching curves (solid lines) and experimental values (black dots). 

 

3.  Results 

In order to analyze the torsion sensitivity of the LPFG produced with opposite point-by-point modulation, we 

investigated the spectral response of the different attenuation dips observed in figure 3(a), which have been 

identified as the LP12 and LP13 cladding modes. Torsion tests were performed using the same setup used for 

fabrication by fixing the optical fiber with the LPFG in the middle between two rotation and translations stages 

(RTS-1 and RTS-2), with 14 cm separation length (L0) between them. Furthermore, it is important to mention 

that one end of the fiber was fixed to the RTS-1, which provided controlled mechanical torsion to the grating, 

whereas the other one was fixed to the RTS-2, which was stationary. During the tests, the torsion rate τ was 

measured by the applied angle α and the twist length L0, such that τ = α/L0, and the torsion angles (α) varied in 

the range from 0° to 360° in steps of 60°, which equals to a torsion rate in the range 0~44.88 rad/m. 
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Figure 4 shows the experimental results for the LPFG exposed to the effects of torsion and its inset graphs 

show the spectral evolutions of resonance dips of the LP12 and LP13 cladding modes. In the inset graphs of figure 

4, we can observe that the transmission of the attenuation bands decrease as the torsion rate increases. We can 

also observe that the resonant wavelength of both cladding modes shift continuously in the direction of shorter 

wavelengths of the spectrum as the mechanical torsion increases. At the torsion rate of 44.88 rad/m, the 

attenuation band of the LP12 cladding mode shifted from 1505.35 nm to 1499.31 nm, with a spectral variation 

shift of -6.04 nm, whereas the resonance dip of the LP13 mode, which was initially at 1565.75 nm, tuned to 

1557.30 nm, therefore, experiencing a total wavelength shift of -8.45 nm. Moreover, it was found that the 

response of both cladding modes varied monotonically and linearly and by experimental data fitting with a 

linear regression approach, the LP12 cladding mode showed a sensitivity of -0.13369 nm/(rad/m) with high 

degree of torsion linearity, confirmed by the R2 coefficient of 0.999 derived from the fitting process.  On the 

other hand, the experimental data fitting of the LP13 mode resulted in an enhanced sensitivity of 0.19702 

nm/(rad/m) with a R2 coefficient value of 0.998 over the torsion sensing range, as observed in figure 4. It is 

important to mention that the torsion sensitivity of the LPFG with opposite point-by-point modulation is higher 

than that of a traditional arc-induced LPFG. For instance, a torsion sensitivity of 0.0245 nm/(rad/m) was 

reported in [16]. 

We also report the polarization characteristics of the arc-induced LPFG with opposite point-by-point 

modulation. As shown in figure 5, for the produced grating a maximum PDL value is up to 0.87 dB, which is 

relatively lower than the typical values of LPFGs fabricated by the traditional arc discharge technique [17,18].  
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Fig. 4. Experimental data fit of the measured resonant wavelength shift of the LP12 and LP13 cladding modes as a function of torsion rate. 
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Fig. 5. Transmission spectrum of LPFG for minimum (red) and maximum (black) transmission, and PDL (blue) measurement. 
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4.  Conclusion 

We have presented the opposite point-by-point modulation fabrication technique to realize arc-induced LPFGs. 

By using this technique, it is possible to produce LPFGs with higher torsion sensitivity than the conventional 

arc-induced LPFGs and decrease the intrinsic polarization dependent loss, which is one of the weakness of these 

gratings. 
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Abstract: This paper presents a novel compact fiber-optic current sensor (FOCS) based on 

magnetostrictive composites that employ only 1 gram of Terfenol-D. Finite element method 

(FEM) simulations supported the design and construction of two versions of FOCS, which were 

capable to measure on a.c. current from 200 to 800 Arms in laboratory.  
 

1. Introduction 

Terfenol-D (TD) is an alloy of type TbxDy1-xFe2, which is well-known for its giant magnetostrictive properties. 

These properties make TD a useful material for magnetic field sensing, which is an application that has been 

explored [1]. In recent years, fiber Bragg grating (FBG) sensors have been used in association with magnetostrictive 

materials for the development of magnetic field sensors, stress sensors, and current sensors [1-5]. Coupling TD with 

an FBG results in a compact current sensor that inherits intrinsic properties of optical fibers, such as immunity to 

electromagnetic interference (EMI), malleability, high electrical isolation, and the possibility of multiplexing several 

sensors in one single optical cable. 

Fiber optic current sensors (FOCS) based on TD coupled with an FBG have been proposed as the core of 

optical instrument transformers to monitor transmission and distribution lines in replacement for heavy and large 

conventional current transformers (CT). In 2013, Cremonezi et al. proposed a FOCS with an FBG bonded to a 144-

grams solid toroidal core of TD for measurement of a.c. current in the range of 200–900 Arms [4]. Since TD presents 

positive magnetostriction, an external a.c. magnetic field causes it to expand over positive and negative cycles of the 

sinusoidal field applied, which causes the output signal to be rectified. Using this effect along with external pressure 

applied to the TD core in order to obtain a quadratic function response, the authors simplified the direct 

measurement of the rms value of the applied current. In 2015, Nazaré and Werneck reported the development of an 

FOCS employing an FBG bonded to a 74-gram solid bar of TD [5]. In order to recover the full cycle of the current 

signal applied, the authors employed a d.c magnetic biasing to the proposed sensor core by incorporating a series of 

permanent magnets to the magnetic circuit, which was also composed by the TD bar and Fe-Si plates. In comparison 

with the FBG-based FOCS proposed by Cremonezi et al. [4], the use of magnetic biasing allows for a detailed 

analysis of the current signal applied, such as harmonic distortion. 

However, since TD is a brittle and expensive alloy, the use of a large, solid block of TD for the development of 

FBG-based FOCS should be avoided. Moreover, the operation of solid TD above a few kilohertz is significantly 

limited by the presence of eddy-current losses [6,7].  Thus, magnetostrictive composites of TD powder and epoxy 

resin, instead of using solid TD bars, have been proposed in many applications [8-11]. In 2010, Quintero et al. 

proposed a d.c. and a.c. magnetic field sensing head based on a TD composite, which was manufactured using TD 

particles in different sizes mixed with epoxy resin with an embedded sensing FBG [8]. In 2012, Liu et al. proved 

that magnetostrictive composites have a wide range of extrinsic magneto-optical signal frequency up to at least 60 

kHz for magnetic field measurement [9]. In 2018, Elhajjar et al. performed a series of experiments aiming at to 

reduce cost, size and nonlinearities presented by solid TD [10]. The authors investigated the effects of different sizes 

of TD-powder composites mixed with several kinds of resins. The authors reported that composites with particles 

sizing range of 200–300 µm present the higher magnetostriction using a reduced mass of TD. Also, in 2018, Bieler 

and Werneck reported a magnetic field sensor composed by magnetostrictive TD composite with an embedded FBG 

applied to detect faults in industrial electric motors [11]. 

In this work, we present a compact FOCS based on FBG and magnetostrictive composites using TD with 

oriented magnetic domains for monitoring of a.c. current in transmission lines. Two versions of the proposed FOCS 

were manufactured and characterized in laboratory with currents from 200–800 Arms. 
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2. Proposed Sensor and Experimental Setup 

Finite element method (FEM) simulations were performed as a qualitative guidance to the design of the proposed 

FBG-based FOCS. For the simulations was employed COMSOL Multiphysics version 5.1 with the DC and AC 

modules. Figs. 1(a) and 1(b) show the simulation results for the magnetic flux density induced by a d.c. current of 

500 A into a TD composite (r = 10) coupled to a pair of permanent magnets for Model 1 and Model 2, respectively. 

Both versions differ in geometry and in the mass of TD employed (2 grams of TD in Model 1 vs. 1 gram of TD in 

Model 2). As can be seen in Fig. 1(b), Model 2 presents an open-loop configuration that allows an easy installation 

of the proposed FOCS on the high-voltage cables for current monitoring. Fig. 1 (c) shows the proposed Model 1 and 

Model 2 assembled with an FBG sensor (B = 1535.150 nm) embedded within the magnetostrictive composite. A 

3D-printed holder was used to accommodate all parts of the prototype in a robust assembly. 

 
(a) 

 
(b) 

 

(c) 
Fig. 1. (a) Model 1, FEM simulation of a d.c. magnetic field in a toroidal core of TD; (b) Model 2, simulation with reduced TD; (c) The 

proposed FOCS. 

Steel bars (99.5% Fe, r = 500) were employed in the proposed FOCS in order to shorten its magnetic circuit, 

which allowed not only a reduction in the mass of TD used, but also an increase in the magnetic flux density. In 

order to perform laboratory tests with the proposed FOCS, the setup shown in Fig. 2 was assembled. A current 

transformer (CT) was employed to induce a.c. current signals of up to 800 Arms to the proposed FOCS. A 

homogeneous mixture of resin (X-120TM adhesive, HBM) with TD powder with grain sizes of 200–300 μm was 

employed to prepare the magnetostrictive composites. During the curing process, a stepper motor was employed to 

rotate the prototype in order to guarantee a uniform homogeneity of the composites, during 8 hours. Two magnets 

having a magnetic field of 160 mT were also employed in the curing process in order to orient the magnetic domains 

of the composites. X-ray diffraction (XRD) was applied with an X-ray tube of Cukα (MiniFlex, Rigaku) to study the 

structural composition of the TD powder prior to preparation of the composites. 

 
Fig. 2. Schematic diagram of the experimental setup. 

3. Results and Discussion 

The results of the characterization of TD powder by XRD are shown in Fig. 3(a). In this characterization, we 

found a pattern similar to that described by Meng et al. [12], in which the peak corresponding to crystallographic 

plane <111> is directly associate with the magnetostrictive property of TD. In addition, the magnetic domains of the 

composite were oriented during the curing process, since there is an increases in the intensity of the peak 

corresponding to the magnetostrictive property, which is proved in the Meng et al.[12].The acquisition of the output 

signals from the proposed FOCS prototypes was performed by an si155 FBG Interrogator (Micron Optics, Inc.) with 
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a resolution of ±10 pm and maximum frequency response of 1kHz. The input signals were acquired by a clamp 

meter i2000FLEX (Fluke Co.) connected to a digital oscilloscope. Fig. 3(b) shows the full waveforms of the output 

signals acquired from the FBG interrogator generated by current signals applied in the range of 400–800 Arms. It 

can also be seen in Fig. 3(b) that the output signals contain distortions due to the wavelength tracking algorithm 

employed by the FBG interrogator and its resolution. In order to eliminate the observed noise and reconstruct the 

sinusoidal signal, a sinusoidal fitting was performed using the actual data, shown in fig. 3(c). 

 
(a) 

 
(b) 

 
(c) 

Fig. 3. (a) Results of XRD; (b) Output signals acquired with FBG interrogator from FOCS Model 1; (c) Sinusoidal fitting of the output 

signals. 

Model 1 showed a low sensitivity to current measurement since the amplitude of the output signal was 6.5 pm 

for a maximum applied current of 800 Arms. According to the results in Figs. 1(a) and (b), FEM simulation showed 

that the magnetic field in the magnetostrictive composite of Model 1 is approximately 15 mT. In contrast, the 

magnetic field observed in the magnetostrictive composite of Model 2 was 30 mT, which led us to expect an 

increase in the sensitivity for Model 2. Although the open-loop design of Model 2 should have weakened the 

magnetic flux density through the TD composite in comparison to Model 1, the reduced size of the composite block 

in Model 2 contributed to an increase in the overall magnetic flux density at that point. 

Fig. 4(a) shows the results of laboratory tests for Model 2. There was a nine-fold increase in the amplitude of 

the response, as compared to that of Model 1. Fig. 4(b) shows that the developed FOCS presented a sensitivity of 

0.065 pm/Arms for Model 2. In addition, the nonlinear behavior is due to the characteristic magnetostriction of the 

TD. However, the nonlinearity levels due to the characteristic magnetostriction of TD can be decreased by applying 

external pressure to the TD, as reported by Cremonezi et al. [4]. Moreover, it also can be seen in Fig. 4(b) that 

Model 1 was not capable to measure current levels lower than 400 Arms. The amplitude of the response of Model 2 

is comparable to the result presented by Nazaré and Werneck [5], which employed 74 grams of TD. In contrast, 

Model 2 proposed in this work employed only 1 gram of TD. Thus, Fig. 4(c) shows that an increase in the sensitivity 

of the proposed FBG-based FOCS was achieved by modifying the geometry of the magnetostrictive composite 

while reducing the amount of TD used. In addition, it is important to note that a higher resolution in the output of the 

sensor can be achieved using other interrogation techniques, such as the "twin-grating" technique [13]. 

 
(a) 

 
(b) 

 
 

(c) 
Fig. 4. (a) Model 2, Fit sinusoidal output signals; (b) Linearity characterization of the proposed FOCS; (c) Proposed sensor for future work. 
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4.  Conclusions 

The preliminary results achieved in this work allow us to conclude that the proposed sensor was successfully 

implemented with a mass reduction of TD employed by more than 93% in comparison to the FBG-based FOCS 

proposed in previous works [4,5]. 

Therefore, we conclude that the proposed FOCS using magnetostrictive composite can be employed as the 

sensing head of an optical current transformer for monitoring of high-voltage transmission and distribution lines. 

Furthermore, the proposed FOCS designs simulated, built and characterized in this work allowed for a reduction in 

size and cost compared to current sensors proposed in previous works. Moreover, the use of magnetostrictive 

composites facilitates the manufacture of sensors in several geometry patterns, such as that of the FEM simulation 

presented in Fig. 4(c), which shows a hyperboloid-shaped composite that maximizes the magnetostriction at the 

point where the FBG is to be located. Future work will include field tests and temperature characterization of the 

FBG-based FOCS with the geometries presented in this work. 
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Summary: This paper presents the computational implementation of a magnetic field sensor model, 

based on the principle of intermodal interference using a taper with square section in an optical fiber. 

Simulations were performed varying its constructive dimensions in order to analyze the influence 

of them in the sensor performance.  
 

 

1. Introduction 

Sensors based on intermodal interference have been applied in several areas and used for measuring various 

quantities, such as temperature, relative humidity, refraction index, etc [1-3]. No-core fibers have been used as an 

alternative to multimode fiber, for ease of manufacturing and lower cost [4]. Some different cross-sectional formats, 

such as square ones, were also employed for the measurement of different parameters [3,5]. In addition, the 

evanescent field of a no-core fiber can be better harnessed by introducing a taper, which may result in a improvement 

of the sensitivity of the device. 

Magnetic field detection has attracted research interests in various areas of industry and physics. Several 

Magnetic Fluids (MF) have been studied in recent years [6,7]. Magnetic field sensors combining optical fibers and 

MF have presented distinct advantages, such as high sensitivity, linear response, and compact size. This paper 

presents a computational analysis of a magnetic field sensor model using a tapered square no-core fiber (TSNCF) 

[8] based on the concept of intermodal interference. 

2. Theoretical Foundations 

In optical sensors based on the principle of intermodal interference, the modification of one of the properties of 

the transmitted spectrum, caused by the interference between the modes that compose this spectrum, is related to the 

physical magnitude to be measured. For this relationship to be possible, some of these modes must travel in different 

optical paths, either on the same fiber or on different fibers. In addition, one of the optical paths must be subjected 

to interference from the external medium with the physical parameter that one wishes to measure [3,8]. For this to 

occur, this type of optical sensor requires components that provide for the division and re-coupling of these modes. 

The construction of a taper on the optical fiber is one of the ways to produce a sensor based on intermodal 

interference.  

The TSNCF is formed from a square rod of pure silica and can be considered a square wave optical waveguide 

that can be inserted between two standard single-mode fiber (SMF) segments, forming the basic structure of the 

sensor using the TSNCF. In this structure, SMF-TSNCF-SMF, when the light that propagates through the single-

mode fiber reaches the TSNCF, modes classified as 𝐸𝑚𝑛𝑥 and 𝐸𝑚𝑛𝑦 are excited and propagate through this segment, 

where mn is the modes order. Upon reaching the taper region, part of these excited modes is coupled to the external 

medium and continues to propagate through it, while another part continues to propagate through the tapered portion 

of the TSNCF. When the modes propagating through the external environment are re-coupled to the TSNCF 

structure, they produce intermodal interference with the modes that continued to propagate through TSNCF [8], as 

shown in Fig. 1. 

 

Fig. 1 - Structure of the SMF-TSNCF-SMF sensor. 
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The intermodal interference condition between mn-order and uv-order modes for spectral notches generate can 

be expressed as: 

 

Where  𝜑𝑚𝑛 and 𝜑𝑢𝑣, are the mn-order and uv-order modes phases, respectively. 

Thus, the variation in the wavelength that can be described by Eq. (2), considering that the tapering is linear and 

that the total length of the TSNCF (L) is much larger than the taper length (L0) [8]. 

 

  

 

Where p is an integer, n0 is the refractive index of the TSNCF, y0 is the minimum width of the taper, W(0) and 

W(1) are the effective widths of the mn-order modes along the x and y directions, respectively, and can be set by [8]:  

 

 

Where next is the refractive index of the external medium, λ0 is the peak wavelength of the Gaussian optical beam 

from the SMF and σ is equal to 1 or 0 depending on whether the modes are 𝐸𝑚𝑛𝑥 or 𝐸𝑚𝑛𝑦. For the modes 𝐸𝑚𝑛𝑥, we 

have 𝑊𝑥𝑚𝑒𝑓𝑓 = W(1) and 𝑊y𝑚
𝑒𝑓𝑓 = W(0). For the modes 𝐸𝑚𝑛𝑦, we have 𝑊y𝑚

𝑒𝑓𝑓 = W(1) and 𝑊y𝑚
𝑒𝑓𝑓 = W(0) [8]. 

In the magnetic field sensor analyzed in [8], the section of the TSNCF sensor is immersed in a MF. This magnetic 

fluid is basically a kind of stable colloidal dispersion of ferromagnetic nanoparticles in a suitable liquid carrier. A 

magnetic field perpendicular to the fiber axis is applied to the fiber region where the TSNCF is located. The refractive 

index of the MF is modified according to the intensity and direction of the applied magnetic field. The variation of 

the refractive index of the MF, which constitutes the external medium, will lead to a variation on the effective width 

of the mn order modes that propagate through the TSNCF and therefore a variation in the wavelength of the 

transmitted spectrum. In this way, the measured wavelength variation can be related to the variation of the external 

magnetic field. When the external magnetic field is applied parallel to the axis of the optical fiber, in the same 

direction of light propagation, the MF refractive index will increase with increasing the magnetic field strength. 

When the external magnetic field is applied perpendicular to the fiber axis, the MF refractive index decreases with 

increasing the magnetic field strength. This will result in the spatial anisotropy of MF, which makes MF exhibit 

optical birefringence under a magnetic field [9].  

For an external magnetic field applied parallel to the fiber axis, the variation of the refractive index of the 

magnetic fluid as a function of the intensity of the external magnetic field can be described by the function of 

Langevin [10], which is expressed by: 

 

 

 

Where ns is the saturation value of the refractive index, from which there is no more significant variation in the 

refractive index with the increase of the intensity of the external magnetic field, nMF is the refractive index of the MF 

under a magnetic field with less intensity than Hc,n, that is the critical intensity of the magnetic field, for which a 

variation in the refractive index of the MF begins to be observed, H is the intensity of the applied external magnetic 

field, T is the temperature and α is a curve adjustment parameter. 

𝑛𝑀𝐹 𝐻, 𝑇 =  𝑛𝑆−𝑛𝑀𝐹  coth  𝛼
𝐻 − 𝐻𝑐 ,𝑛

𝑇
 −

𝑇

𝛼(𝐻 − 𝐻𝑐 ,𝑛)
 ;      𝐻 > 𝐻𝑐 ,𝑛  

(2) 

(3) 

(4) 

(1) 
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3. Results 

All simulations were performed using a code implemented in MATLAB from the equations described in section 

2 for modeling the sensor [8]. As the code was developed from the analytical solutions presented, the simulations 

did not require a great computational effort, as it was not necessary to use numerical solutions. 

In the experiment performed in [8] two spectral notches called Dip 1 and Dip 2 are monitored, where Dip 1 is 

located at 902.6 nm and Dip 2 at 1291.1 nm. Firstly, simulations were performed with the objective of reproducing 

the experimental results obtained in [8], in order to validate the implemented computational model. In this work the 

magnetic field is applied perpendicular to the axis of the optical fiber, different from the experiment carried out in 

[10], so that when the intensity of this field increases, the refractive index of the MF decreases. The result of the 

simulation using the Langevin function, is shown in Fig. 2. 

 

Fig. 2. Simulation response: variation of the refractive index of Dips 1 and Dip 2.  

 

The result of the simulation of the wavelength variation as a function of the magnetic field intensity for Dip 1 

and Dip 2 are shown in Fig. 3 (a) and (b), respectively. 

 

 

Fig. 3. Simulation response: (a) variation of the wavelength of Dip 1 and (b) variation of the wavelength of Dip 2. All of them as a function of 
the magnetic field intensity. 
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The Fig. 3(a)-(b) show that the computational model satisfactorily describes the results obtained experimentally 

in [8], presenting a coefficient of determination (R2) equal to 0.91 for Dip 1 and 0.94 for the Dip 2, with this the 

model was considered validated.  

Once the model of the sensor was validated, an analysis was carried out by individually varying W0, y0, L and 

L0 in order to verify how these variations affect the performance of the sensor and what limit these variables can 

assume in order to keep the model mathematically valid. Fig. 4(a)-(d) present the results of the simulations of the 

wavelength variation as a function of the magnetic field strength when the dimensions W0, y0, L and L0, respectively, 

were varied. 

 

 

Fig. 4 – Response of the simulation of the wavelength variation as a function of the magnetic field strength for Dip 1 and Dip 2 when (a) W0, (b) 

y0, (c) L and (d) L0 we’re varied. 

 

Table 1 shows the sensitivities obtained in the simulations for the results presented in Fig. 4 (a) - (d). It can be 

observed how the variations in the TSNCF structure dimensions affect the sensitivity of the device. The sensitivity 

in each simulation was calculated by dividing the maximum wavelength shift by the total variation of the magnetic 

field intensity. 

The highest sensitivity values were obtained when the length L is reduced to a minimum value of 2000 µm and 

when the minimum width of the taper (y0) is equal to 10 µm, which is the same order of magnitude of the core 

diameter of a single-mode fiber. In all simulations, Dip 2 presented a higher sensitivity than Dip 1. 
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Table 1. Summary of the sensitivities obtained for Dips 1 and Dip 2 varying the dimensions of the TSNCF. 

All sizes in μm and all sensitivities in pm/Oe. 

Dimension 
  W0   y0   L   L0 

  Min. Mid. Max.  Min. Mid. Max.  Min. Mid. Max.  Min. Mid. Max. 

Size   80 90 100  10 40 90  20000 30000 40000  0 390 780 

Sensitivity 

Dip 1 
  5.21 5.86 6.53  7.35 5.87 5.86  8.75 5.87 4.41  5.93 5.87 5.80 

Sensitivity 

Dip 2 
  11.89 13.38 14.86  16.56 13.38 13.36  19.95 13.38 10.06  13.53 13.38 13.22 

4. Conclusions 

The computational model implemented to relate the wavelength variation as a function of the magnetic field 

strength was compatible with the data presented in [8], within the established considerations, and in this way can 

constitute as an initial tool for the analysis of magnetic field strength sensors based on a SMF-TSNCF-SMF structure. 

In general, variations in TSNCF dimensions caused only minor changes in the sensitivity of the sensor. The 

dimensions that most affect the sensitivity of the sensor are W0 and L. Removal of the taper (y0 = 90 μm and L0 = 0 

μm) did not cause significant loss in sensor sensitivity. In addition, the value of the monitored wavelength also affects 

the sensitivity of the sensor, and the higher the wavelength, the higher the observed sensitivity. 
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Abstract: This paper presents the dynamic strain and temperature measurements of the 

contactor core using the Fiber Bragg Grating (FBG). These measurements are used to predict 

future preventative maintenance of this device. The temperature variation is approximately 76 

°C. In the steady state, for dynamic strain measurement, the fundamental frequency is 120 Hz. 
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1. INTRODUCTION 

The electromagnetic contactor is one of the most used electrical devices in industrial power systems. They can be 

integrated with other important circuits to perform more complex functions such as motor start, factory automation 

controller and protection. Electromagnetic contactor is composed by a magnetic circuit and a set of springs. When 

a voltage is applied to the solenoid coil, electromagnetic force attracts the mobile core toward the fixed core in 

order to close the main contacts of the device. There is the possibility of the contactor being operated remotely 

using control elements, such as the inner solenoid, consuming lower current than the load itself [1,2].  

There are two types of problems related to an electromagnetic contactor. The first problem is the voltage sag. 

The most frequent reasons for voltage sag are the starting of industrial machinery, pumps and motor with high 

power consumption. When voltage sags occur to the contactor, it can cause problems resulting in the shutdown 

during restarting motors. The second problem is related to the closure of the contactors which is called contact 

bounce. The bounce occurs when the first touch of the electromagnetic core does not close the contactors due to 

excess of energy during the closing process. Thus, because of bouncing, the contactor makes and breaks their 

contacts several times before they reach a permanent state of contact. They are exposed to rebound damage due 

to this phenomenon [3,4]. It is important to analyze and determine the behavior of the electromagnetic contactor 

during adverse situations.   

The strain and temperature measurements on the contactor core have some challenges. Among them is that 

the reduced space inside the contactor makes sensor installation difficult. Another problem is the electromagnetic 

interference due to the field generated by the contactor’s coil. Their operation involves making or breaking 

electrical contacts leading to radiated electromagnetic noise. Because of this, Fiber Bragg Grating (FBG) 

temperature and strain sensors are suitable for these applications [5]. The FBG are used to investigate the 

temperature and strain on the fixed core of the electromagnetic contactor. 

In previous papers, FBG applications were presented on electromagnetic devices for temperature and strain 

measurement. In [6] the strain measurement on the contactor core was presented, which is a continuation of the 

present paper. The temperature measurement on the surface of a high power generator stator was reported in [7] 

using FBG sensors. In [8] the dynamic strain induced by mechanical and electrical forces was reported by using 

FBG, installed inside the motor. FBG was used for the dynamic strain measurement of a four-pole induction motor 

stator to detect a broken rotor bar in [9]. 

This paper presents the use of FBGs to measure the dynamic strain and temperature on the core of an 

electromagnetic contactor. For the strain measurement, the sensing technique used for the dynamic strain 

measurement is through the indirect measurement of the electromagnetic force, which is obtained from the voltage 

and current.  

 

2. EXPERIMENTAL SETUP 

The tests were performed with a commercial contactor of 50 A/AC3. The solenoid coil is powered with 220 VCA, 

it is turned on and turned off through a power switch. For strain measurement is used a fiber optic cable with an 

FBG sensor recorded at its end, with 1542 nm of wavelength. For temperature measurement, fiber optic cable was 

used with another FBG. The acquisition is made using a Micronoptics optical interrogator with a sampling rate of 
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1 kHz for the strain and 5 Hz for the temperature measurement. An optical interrogator is an electronics optical 

instrument that allows the reading of FBG in static and dynamic monitoring application. Tests was carried out in 

a temperature-controlled environment, because of this the results do not present eternal temperature disturbing. 

The experimental setup is presented in Fig. 1. The acquisition system uses a Micronoptics optical interrogator 

along with a computer for data analysis. 

Shading rings play an important role in the dynamic response of the electromagnetic contactor. Basically it is 

constructed by blades of ferromagnetic material and has two parts separated by mechanical action of springs. One 

of these parts of the core is coupled to the contacts and when there is movement of the core, the activation of the 

contacts of command and load of the contactor occurs. The magnetic fields generated by the solenoid coil produce 

a force that drops to zero twice each cycle (60Hz). This effect creates a vibration or undesired charter of the force 

contacts which can be canceled by shading rings. 

 

 
Fig. 1. Experimental setup for temperature and strain sensing.  

 

To measure the fixed core strain, an FBG is fixed using cyanoacrylate glue directly on the fixed core. Fig.2 

(a) present the schematic for the FBG strain sensor position. The core temperature is sensed using an FBG package 

using a stainless steel tube glued with epoxy glue just on one end of it, as shown in the Fig. 2 (b). The detail of 

how the FBG is placed inside the stainless steel tube is shown in Fig. 2 (c). It is necessary to glue only one side 

of the sensor, in order to avoid the tube thermal expansion effect on the FBG. The FBG thermal sensitivity used 

in the experiments is 10 pm/°C, the value was obtained experimentally by calibrations. The experimental value 

can be found in [10,11]. For temperature sensors are obtained standard deviations, 1.155 pm for Sensor 1, 1.155 

pm for Sensor 2 and 0.577 pm for Sensor 3. With these data can be obtained the measurement uncertainties, which 

are 0.48 °C for Sensor 1, 0.48 °C for Sensor 2 and 0.41 °C for Sensor 3. The optical interrogator has a resolution 

of 1 pm. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. (a) The FBG strain sensor placed on the fixed core. (b) Three FBGs temperature sensors inside the stainless steel tube placed on the 

fixed core. (c) Illustration of a FBG packaging with the stainless steel tube.  

 

The experimental tests for the strain measurement, consist of turning on and turning off the excitation solenoid 

for three different circumstances to be analyzed. The first one is the core strain transient during the solenoid 

energization. The second is an oscillatory strain regime by the electromagnetic force. The last situation is the 

transient when the solenoid coil is turned off. In experimental tests for temperature measurement, two situations 

can be analyzed. The first one is the excitation solenoid turned off for about ten minutes and the second is turning 
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on the excitation solenoid coil and waiting for the core temperature to stabilize. These analyses are made 

separately, strain measurement and temperature measurement, since the variation in the Bragg wavelength peak 

due to temperature is slower than the dynamic strain. 

 

3. RESULTS AND DISCUSSIONS  

In Fig. 3 it is observed that the variation of the temperature on the fixed core is slower than strain variation. All 

sensors start at the same initial point of 27 °C and have the same behavior. The fixed core reaches thermal stability 

at t=160 minutes. The temperature of Sensor 1 is 102.5 °C, Sensor 2 is 102.7 °C and Sensor 3 is 103.7 °C. The 

temperature variation is approximately 76 °C, which is the difference between stabilization temperature and 

ambient temperature. It can be seen that the temperature measurements of the three sensors are similar. The 

increase in temperature on the fixed core indicates that the joule losses in the solenoid coil and magnetic losses in 

the core lead to temperature rise. 

 

 
Fig. 3.  Contactor core temperature variation over the test period. 

For strain measurement the results were obtained by turning on and turning off the switch that supplies power 

to the solenoid coil. The Fig. 4 (a) presents the FBG wavelength variation for the strain measurement and the 

solenoid coil supply situation. It can be observed there is an inclination of the wavelength variation in the FBG, 

during the 16 s of measurement. This slow increase of the signal is due to the variation of the temperature and 

thermal expansion of the material inside the electromagnetic coil. The FBG wavelength variation due to 

temperature is slower than the variation due to dynamic strain.  

The solenoid coil is turned on between the time t = 2s and t = 14.3s, outside that range the solenoid coil is 

turned off. At the time t = 2s there is a very rapid wavelength variation, which is due to the collision between the 

fixed core and the mobile core. The wavelength variation is negative when the fixed core is compressed and 

positive when it expands.  

 

 
(a) 

 
(b) 

Fig. 4. The results of contactor’s core deformation. (a) For t< 2s the solenoid coil is turning off, for 2s<t<14.3s the solenoid coil is turning 

on and for t>14.3s the solenoid coil is turning off again. (b) The sinusoidal shape of the electromagnetic force for steady state. 

 

In the steady state, the time in which solenoid coil remains turned on, (for 2 <t <14.3s), it can be seen that the 

slope of the graph tends to rise, this is due to the fact that the FBG has a thermal sensitivity, which captures the 
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temperature increase in the contactor core. It can also be seen that the fixed core of the contactor experiences a 

deformation caused by the constant and sinusoidal electromagnetic force, as shown in Fig. 4 (b).  

In Fig. 5 it is shown the Fourier Transform of the steady state dynamic strain deformation, where is possible 

to determinate the fundamental frequency of 120 Hz. 

 
Fig. 5. Frequency response of the contactor core dynamic strain 

 

4. CONCLUSION 

In this paper the measurement of the dynamic strain and the temperature using FBG sensors is presented. For 

dynamic strain, three situations can be observed: the transient state when the solenoid coil is turned on, the steady 

state and the transient when the solenoid coil is turned off. The use of FBG to measure strain made it possible to 

identify the sinusoidal electromagnetic force in the contactor core. In the permanent regime, the sinusoidal 

electromagnetic force has a fundamental frequency of 120 Hz, which is twice the frequency of the main supply. 

This fundamental frequency is obtained by applying a Fast Fourier Transform (FFT) of the signal in a steady state. 

For temperature measurement, three FBG are used, which start at the same initial point of 27 °C and have the 

same behavior. The fixed core reaches thermal stability at t=160 minutes. The temperature of Sensor 1 is 102.5 

°C, Sensor 2 is 102.7 °C and Sensor 3 is 103.7 °C. The temperature variation is approximately 76 °C. The increase 

in temperature on the fixed core indicates that the joule losses in the solenoid coil and magnetic losses in the core 

lead to temperature rise. The preliminary results in this document show a potential for applications of FBG 

deformation and temperature sensors in electromagnetic contactors. In future work, the appropriate 

instrumentation will be used to study the behavior of the deformation and temperature in the contactor core during 

a voltage drop. 
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Abstract: The responses of three coated and uncoated long period gratings to the refractive
index of the surroundings are compared.  Gratings operate at the visible spectral range close to
the  plasmon resonance  band of  gold  nanoparticles.  Sensitivity  increase  up  to  85.2% was
achieved  in  water  after  coating  the  grating,  making  the  device  useful  for  environmental
applications.

1. Introduction

Optical fiber sensors based on long period gratings (LPG) have been widely employed to detect chemical and
biological  agents.  The  key  characteristic  that  enables  the  detection  is  the  interaction  between  the  light
transmitted by the fiber  and  the  surrounding medium. Such interaction  relies  on the coupling between the
fundamental core mode and the m-th co-propagating cladding modes [1] provided by the grating. Such coupling
results in attenuation bands centered at  wavelengths  λm given by  λm = (neff,

core − neff,
clad(m))Λ, where  neff,

core   and
neff,

clad(m) are the effective refractive indexes of fundamental core mode and the m-th cladding mode, respectively,
and Λ is the grating pitch. As the neff,

clad(m) depends on the refractive index of the medium surrounding the fiber,
LPG is a very attractive refractive index sensor, however presenting low sensitivities in water environments. An
effective  method  to  increase  the  LPG  sensitivity  in  such  media  is  promoting  the  coupling  between  the
evanescent fields of the cladding modes with localized surface plasmon resonances (LSPR) that can be produced
on the fiber. In this sense, gold nanoparticles (AuNP) deposited on the fiber surface have been employed for this
purpose [2,3]. In addition to the increased sensitivity, nanoparticles also opens the possibility for the devices
funcionalization, making the LPGs sensors selective to a specific analyte. Selective sensors using nanoparticles
have been proposed for different purposes [4-6].

A chemical route is normally employed to reduce Au3+ to Au0 in order to grow the AuNP in a reaction
between  tetrachloauric  acid  (HAuCl4)  and  sodium  borohydride  (NaBH4),  resulting  in  a  film  which
characteristics  are  critically  dependent  on  the  relative  concentrations  of  the  reagents.  An  alternative  and
promising method that discards the use of the reducing agent and results in a more homogeneous films with
smaller AuNPs and increased crystallinity is the thermal route for the tetrachloauric reduction [7].

In this work, the synthesis of AuNPs via thermal route was adapted in order to produce an AuNP film on
the surface of an optical fiber with a previously inscribed LPG. The AuNPs films were produced on the surface
of three LPGs using solutions with different concentrations of HAuCl4  . The effect of matching the resonances
of several LPG modes and the localized surface plasmon band was analyzed as a function of the refractive index
of the medium surrounding the device.

2. Methodology

The LPGs used in this work were produced in hydrogen-loaded optical fiber (Thorlabs SM-450, n clad =1.4616 at
514 nm, cut-off @ 350-470 nm) at the Photorefractive Devices Unit of the Federal University of Technology –
PR. The fiber was exposed to the light emitted by a UV laser (Coherent, Xantos XS, ArF at 193 nm, frequency
of 300 Hz and energy per pulse of 5 mJ) producing gratings with periods of modulation (pitch) of 60 µm  (LPG1
and LPG2) and of  90 µm (LPG3).   The LPG writing parameters  were chosen in  order  to  obtain a  highly
sensitive  grating  with  attenuation  bands  at  the  visible  spectral  range,  close  to  the  turning  point.  The LPG
operation at the visible spectral range is a requirement to reach the resonance between a specific LPG mode and
the gold nanoparticles LSPR band. On the other hand, the resonance mode splits in two bands at the turning
point of the phase matching curve that represents the dependence between the resonance wavelength and the
LPG periodicity [8]. These two bands at the normal and anomalous regions show the highest sensitivities to the
external  medium  refractive  index  and  shift  in  opposite  directions  when  the  surroundings  change.  LPGs
responses  to  changes  in  the  surroundings  were  measured  before  and  after  the  deposition  of  the  gold
nanoparticles film over the fiber surface. 
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LPGs sensitivities were determined from their transmission spectra acquired using the light of a broadband
source (FOSTEC, EKE 8375) and a UV-Vis spectrometer (Ocean Optics, HR4000 with resolution of 3.3 nm).
Transmission was measured with the LPG kept under constant longitudinal strain on the surface of a glass slide.
Liquid samples containing different proportions of water and glycerin were carefully poured over the LPG.
During the experiments, realized to measure the samples refractive index and to acquire the LPG transmission
spectra, a thermostatic bath (Lauda Staredition RE212) connected to an Abbe refractometer (Atago, DR-A1,
0.0001 resolution, 1.3000 – 1.7100 nD) was used to keep the temperature of the samples and the LPG at (20.0 ±
0.2) ºC. Proportions of water and glycerin in the samples as well as the measured refractive indexes are in
Table 1.

Table 1. Characterization samples: water-glycerin content and refractive indexes.  
Sample Water (mL)  Glycerin (mL) Refractive index

G0
G10
G20
G30
G60
G80
G100

30
27
24
21
12
6
0

0
3
6
9
18
24
30

1.3322 ± 0.0003
1.3413 ± 0.0001
1.3611 ± 0.0001
1.3653 ± 0.0002
1.4125 ± 0.0002
1.4427 ± 0.0002
1.4681 ± 0.0002

A method based on the procedure proposed by [7] for the deposition of gold nanoparticles films on the
silica surface was used to cover the fiber with a layer of nanoparticles. This procedure, in turn, is based on a
method  previously  reported  in  the  literature  [2,3]. First,  the  silica  surfaces  are  prepared  to  receive  the
nanoparticles film. The optical fiber, as well as cover slips and glass slides, are cleaned with detergent, rinsed
with distilled water and acetone and dried at 200 ºC. Then, they are immersed for 0.5 h in a piranha solution (2:1
mixture of sulfuric acid and hydrogen peroxide), washed with deionized water and dried at  200 ºC. The amine
groups that act as anchors for the gold nanoparticles are produced after immersing for 3 h the silica elements in
an APTES solution ((3-Aminopropyl)triethoxysilane). Finally, the elements are exposed to the HAuCl 4 solution
for 3 h and heated at 200 ºC to reduce the gold. HAuCl4 solutions with different concentrations (5 x 10-3 mol.L-1

for LPG1, 5 x 10-4 mol/L for LPG2 and 5 x 10-5 mol/L for LPG3), were used in order to determine the ideal
concentration  that  should  be  used  to  produce  an  LPG with  improved  refractive  index  sensitivity  in  water
environments. The LSPR bands of the films produced over the glass slides were measured with an UV-Vis
spectrometer (Ocean Optics, HR4000 with resolution of 3.3 nm).

 
3. Results and Discussion

The LSPR bands of the AuNPs films obtained using HAuCl4 solutions with three different concentrations are
shown in Figure 1. LSPR bands from 500 to 600 nm are characteristic of gold nanoparticles. The extinction
magnitudes in the spectra of Figure 1 indicates that the films present different concentrations of nanoparticles
and/or thicknesses.  For HAuCl4 solution 5 x 10-5 mol.L-1 (LPG3) the LSPR band is about 20 times less intense
than the bands obtained with the other HAuCl4 solutions (5 x 10-3 mol.L-1 (LPG1) and 5 x 10-4 mol.L-1 (LPG2)).
Additionally, its peak wavelength is blue shifted, pointing out to a distinct size distribution. These differences
should result  from a lack of  control  in  the production process  and reflects  on the LPG-AuNP spectra  and
sensitivity to the external medium refractive index. 

Fig. 1. Plasmon resonance bands obtained using HAuCl4 solutions with different concentrations.
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LPGs transmission spectra measured before and after the formation of the gold nanoparticles film over the
fiber surface are shown in Figure 2 for the gratings immersed in air. Spectral changes experienced by LPG1 and
LPG2 are characterized by larger wavelength shifts and higher attenuation than those observed for LPG3. As
expected, the metallic film increases the effective refractive index of the fiber cladding modes promoting the
observed wavelength shifts of the LPG resonance bands. This statement is supported by the behavior of the
LPGs bands in the presence of the water-glycerin samples, which is shown in Figure 3. For an LPG, when the
surroundings  refractive  index  increases,  bands  at  the  normal  region  are  blue-shifted  whereas  bands  at  the
anomalous region are red-shifted. Therefore, the bands responses allow identifying the turning point (TP) and
bands at the normal or anomalous region.  Mode coupling depends on the difference between the core and
cladding effective refractive indexes and radius as well as on the grating periodicity. As the grating pitch is
larger for LPG3, the turning point region is red-shifted when compared with LPG1 and LPG2. 

Fig. 2. LPGs transmission spectra in air, before and after coating the fiber with the gold nanoparticles film.  The spectral region of the
LSPR bands are represented by gray rectangles.

 

As can be seen from Figure 3, when the uncoated LPGs are immersed in glycerin (G100 sample, n=1.4681)
the surrounding refractive index approaches the fiber cladding refractive index, preventing the appearance of the
resonances in the transmission spectra [9]. 

Figure 3.  LPGs transmission spectra in air and in the presence of the water glycerin samples.

The fiber coating with gold nanoparticles also modifies the LPG response to the surroundings. Figure 4
shows transmission spectra  obtained with the coated  LPGs surrounded by different  media.  Gray rectangles
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superposed  to  the  spectra  of  Figures  2  and  4  indicate  the  approximate  spectral  ranges  covered  by  the
corresponding  LSPR bands.  LPG3-AuNP exhibits  the  characteristic  wavelength  shifts  for  the  bands  at  the
normal and anomalous regions. As the surroundings medium refractive index approaches the silica refractive
index, the transmission spectrum of the coated LPG3 shows the same behavior observed in Figure 3 for the
uncoated LPG3. Attenuation bands almost disappear from the spectrum when immersed in the G100 sample
(n=1.4681). However, this effect is less noticeable for the coated LPG as the cladding refractive index increases
with the deposition of the gold nanoparticles on the fiber surface [2]. Unlike LPG3-AuNP, important spectral
changes are not observed in the transmission spectra of LPG1-AuNP and LPG2-AuNP, even in the presence of
the samples with the highest refractive indexes. Sensitivities of the coated and uncoated LPG3 are compared in
Table 2 for six attenuation bands and surroundings with refractive indexes close to the pure water refractive
index. 

Figure 4.  LPGs-AuNP transmission spectra in air and in the presence of the water glycerin samples.

Table 2. Refractive index sensitivities (nm/RIU) for attenuation bands of the coated and uncoated LPG3.

λ (nm)nm)) 500.43 490.57 514.87 503.99 532.91 521.31
n Uncoated Coated Change (nm)%) Uncoated Coated Change (nm)%) Uncoated Coated Change (nm)%)

1.3322 -1.67 -2.29 37.1 -1.87 -2.88 54.0 -2.38 -3.74 57.1
1.3413 -1.93 -2.62 35.8 -2.16 -3.29 52.3 -2.75 -4.28 55.6
1.3611 -2.75 -3.64 32.4 -3.11 -4.58 47.3 -3.95 -5.98 51.4
1.3653 -2.99 -3.93 31.4 -3.38 -4.95 46.5 -4.30 -6.47 50.5

λ (nm)nm))     556.87       543.60     592.22      575.02      667.53     634.15
n Uncoated Coated Change (nm)%) Uncoated Coated Change (nm)%) Uncoated Coated Change (nm)%)

1.3322 -3.44 -6.37 85.2 -6.96 -9.48 36.2 -24.12 -28.36 17.6
1.3413 -3.98 -7.26 82.4 -8.04 -10.80 34.3 -27.81 -32.17 15.7
1.3611 -5.71 -10.00 75.1 -11.49 -14.88 29.5 -39.57 -43.87 10.9
1.3653 -6.21 -10.79 73.8 -12.51 -16.04 28.2 -43.00 -47.15 9.7

    
    When  the  LPG3-AuNP attenuation  bands  and  the  LSPR band  are  resonant,  an  important  increase  of
sensitivity was observed. A maximum increase of sensitivity of 85.2 % was measured for the attenuation band at
543.60 nm when the LPG is immersed in water. This attenuation band is resonant with the maximum of the gold
nanoparticles LSPR band. Response, calibration and sensitivity curves for this resonance mode of the uncoated
and coated LPG are show in Figure 5.
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Figure 5.  Calibration and sensitivity curves for the LPG3 band at 556.87 nm and LPG3-AuNP band at 543.60 nm for surroundings
refractive indexes from 1.3322 to 1.3653. Error bars are less than the symbol size.

4. Conclusions 

In this work, the method adapted from [7] was successfully used for the optical fiber coating with gold
nanoparticles. Due to the modified cladding effective refractive index as well as to the coupling between the
LPG and LSPR resonances, an increase of up to 85% in the LPG sensitivity in water environment was achieved
for the coated grating. Despite the resonance between the LPG attenuation and the LSPR band does not occur
exactly at the turning point, this increase of sensitivity is larger than those previously reported in the literature of
50% [3] and 65% [10].The increase in the effective refractive index of the cladding modes resulting from the
use of HAuCl4 solutions 5 x 10-3 mol/L  and 5 x 10-4 mol/L probably shifts the high sensitivity region to a range
of refractive indexes higher than that of the G100 sample (1.4681 ± 0.0002). Tests are under way to prove this
assumption. The methodology used for the nanoparticles deposition on the surface of the optical fiber have
shown potential to optimize the performance of a nanostructured device already proposed in the literature for the
detection  of  glyphosate  in  water  [4].  Studies  are  under  way  in  order  to  produce  a  reusable  sensor  with
application extended to other water pollutants.
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Abstract: We design a graphene-based D-shaped photonic crystal fiber refractive index 

sensor to detect changes in the levels of glucose concentration. Its sensing performance 

is theoretically analyzed using the Finite Element Method (FEM). The sensor has an 

average sensitivity of 2560.6 nm/RIU when we vary the glucose concentration from 0 to 

200g/l. 

 

1. Introduction 

Highly accurate and non-invasive biosensing platforms are of major importance for a prompt 

detection and treatment of diseases. The sensors for the measurement of glucose concentration in 

blood are a remarkable example. Within this field, many promising alternatives rely on the 

development of optical sensing techniques [1, 2]. 

In this paper, a sensing platform based on a D-shaped photonic crystal fiber biosensor for 

glucose concentration is investigated. The Finite Element Method (FEM) was used to investigate 

the sensing properties of this glucose sensor. An average sensitivity of 2560.6 nm/RIU is 

obtained when the proposed configuration was applied to the detection of glucose concentration 

between 0 to 200 g/l in water. The average sensitivity increases to 2917.2 nm/RIU when we 

focus on the range 1 g/l to 6 g/l, which is of major clinical interest for diabetes diagnosis. 

 

2. The D-shaped Photonic Crystal Fiber – Design and Modeling 

The optical properties of silica-air photonic crystal fibers can be tailored by the size, 

position and shape of the air holes, which represents an advantage over conventional fibers for 

optical sensing applications [3]. In this work, we analyze the properties of a D-shaped photonic 

crystal fiber for the sensing of glucose concentration. The cross-section of the D-shaped PCF is 

depicted in Fig. 1. The configuration consists of a side polishing PCF with a hexagonal array of 

air holes on a matrix of fused silica. A thin graphene film above a gold layer is deposited on the 

flat surface of the cladding. The sample of glucose to be sensed can be dropped on the top of this 

coating. The contact area of the sample and graphene-gold film is increased and this interface is 

closer to the core, which provides a better coupling between the core-guided mode and the 

plasmonic mode. The total diameter of the fiber is D = 240 μm and the diameter of the air holes 

is designated by d. The distance between two adjacent air holes is fixed at Λ = 2 μm. The ratio 

between d and Λ is d/Λ=0.90. 

The total thickness of the graphene layer is 5 nm. The refractive index of graphene is given 

by the relation: 

                                                              𝑛𝑔 = 3 + 𝑖𝐶1𝜆/3 ,                        (1) 

where 𝐶1 ≈ 5.446µm−1 and 𝜆 is the vacuum wavelength [3]. The proposed structure is made up 

of silica, and all the holes are air-filled. The refractive index of silica can be determined using the 

Sellmeier equation [4]. 
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Fig. 1. Schematic design of the graphene-based D-shaped photonic crystal fiber.  

  

In this work we used a 40 nm thick slab of gold (Au) as the conducting material in order to 
favor surface plasmon excitation and contribute with relatively low losses to the effective 

dielectric function of the flat layer. The dispersion of gold was obtained from the data tabulated 

in [5]. The numerical analysis of this work was made using a 2D simulation mode analysis 

assuming the cross section to be along XY plane and incident radiation at the Z axis. The 
electromagnetic mode of the sensor is solved by finite element method (FEM) using COMSOL 

Multiphysics software [6]. To evaluate properly the sensing properties of the D-shaped fiber we 

used a perfectly matched layer (PML) boundary condition with 10% of the fiber diameter for the 

truncation of the computational domain. 

 

3. Results and Discussion 

Fig. 2. presents the real and imaginary parts (blue and green curves, respectively) of the 

effective index and the electric field distribution at different wavelengths. The peak of the 

imaginary part (absorption peak) results from the coupling between the fundamental core-guided 

mode and the plasmonic mode. At this point a significant portion of energy is guided between 

the conducting film and the dielectric medium. 

 
Fig. 2. Real and imaginary part of the effective refractive index for 200g/l of glucose concentration. The inset shows the mode field 

distribution in different wavelength of the proposed sensor. Conditions: gold film thickness of tgAu = 40 nm, graphene layer depth 

tgraphene = 5 nm and analyte refractive index nanalyte = 1.35497. 

 

The sensor response of the structure shown in Fig. 1 is computed as the spectral shift of the 

absorption peak with the change in the refractive index of the analyte deposited on the flat 

surface.  
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In this work, the analyte corresponds to a solution of glucose in water. Therefore, the sensor 

response can also be considered the measurement of the spectral shift as function of the glucose 

concentration. Table 1 shows the relationship between the average refractive index of the sample 

with the glucose concentration [1]. This relation can also be approached by the equation. 

       𝑛𝑔/𝑙 = 0.00011889𝐶 + 1.33230545                                     (2) 

where 𝐶 is the glucose concentration (g/l) and the 𝑛𝑔/𝑙 is the average refractive index [1]. 

Table 1. Variation of the average refractive index with the glucose concentration. (Adapted from [1]) 

Average refractive 

index (n) 

Glucose concentration 

(g/l) 

Average refractive 

index (n) 

Glucose concentration 

(g/l) 

1.33128 0 1.34768 120 

1.33469 20 1.34853 140 

1.33698 40 1.35028 160 

1.33985 60 1.35379 180 

1.34273 80 1.35497 200 

1.34446 100 

Fig. 3 depicts the spectral shift of the confinement losses for different values of glucose 

concentration in water. The Confinement loss is a suitable way to represent the imaginary part of 

the mode effective index and can be calculated by the equation [7]: 

L = 8,686 ×
2𝜋

𝜆
𝐼𝑚[𝑛𝑒𝑓𝑓] × 104(𝑑𝐵/𝑐𝑚),  (3) 

where the λ represents the wavelength and 𝐼𝑚[𝑛𝑒𝑓𝑓] is the imaginary part of the effective index. 

Based on the correspondence between glucose concentration and refractive index listed in table 

I, the sensitivity can be estimated by: 

𝑆𝜆 =
∆𝜆𝑝𝑒𝑎𝑘

∆𝑛𝑎
 (𝑛𝑚/𝑅𝐼𝑈),   (4) 

where ∆𝜆𝑝𝑒𝑎𝑘 is the wavelength resonance displacement and ∆𝑛𝑎 is defined as the change in the 

analyte refractive index. The Table 2 exhibit the sensitivity for the variation of the refractive 

index of the sample and the corresponding glucose concentration.  

The results listed in Table 2 show that the structure allows to reach an average sensitivity of 

2560.6 nm/RIU, which is an improvement to the value of 1445.4 nm/RIU achieved when the 

graphene layer is removed.  The resolution of the proposed structure with a graphene layer is 

3.9x10-5 RIU for an optical spectrum analyzer with resolution of 0.1 nm. 
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Fig. 3. Displacement of the resonance peak in confinement loss spectra under different glucose concentration. Conditions: gold film 

thickness of tgAu = 40 nm, graphene layer depth tgraphene = 5 nm. 

Table 2. Sensitivity for the variation of refractive index. 

Variation of glucose 

concentration (g/l) 

Variation of refractive 

index (n) 

Sensitivity (nm/RIU) 

0-20 1.33128 - 1.33469 1759.53 

20-40 1.33469 - 1.33698 2620.08 

40-60 1.33698 - 1.33985 2613.24 

60-80 1.33985 - 1.34273 1770.83 

80-100 1.34273 - 1.34446 2601.15 
100-120 1.34446 - 1.34768 3074.53 

120-140 1.34768 - 1.34853 3529.41 

140-160 1.34853 - 1.35028 2742.85 

160-180 1.35028 - 1.35379 2478.63 

180-200 1.35379 - 1.35497 3813.55 

Average Sensitivity 2560.6 

Additional computations have shown that the average sensitivity increases to 

2917.2nm/RIU for the interval [1 g/l, 6 g/l], which is the typical range covered by commercially 

available glucose monitoring systems to assist the diagnosis and treatment of diabetes [8]. The 

resolution presented by the D-shaped PFC biosensor with a graphene sheet is 3.4x10-5 RIU. The 

corresponding results are summarized in Table 3. 

Table 3. Sensitivity for the variation of refractive index in the range [1 g/l, 6 g/l] 

Variation of glucose 

concentration (g/l) 

Variation of refractive 

index (n) 

Sensitivity (nm/RIU) 

1-2 1.332424 – 1.332543 5882.35 

2-3 1.332543 – 1.332662 4201.68 

3-4 1.332662 – 1.332781 2100.84 

4-5 1.332781 – 1.3329 420.16 

5-6 1.3329 – 1.333019 3361.34 

Average Sensitivity 2917.2 

Proceedings of the Latin American Workshop on Optical Fiber Sensors, Rio de Janeiro (Brazil), 2019 109

Copyright SBMO 2019



4. Conclusion

A D-shaped photonic crystal fiber sensor for glucose concentration is described and 

analyzed. Its principle of operation relies on the coupling between the fundamental core fiber 

mode and the surface plasmon at the graphene-gold film and its spectral dependence upon the 

glucose solution deposited on the flat surface. The average sensitivity for values of glucose 

concentration in water ranging from 0 g/l up to 200 g/l is 2560.6 nm/RIU and particularly   

reaches 2917.2 nm/RIU over the range [1 g/l, 6 g/l], which covers the interval of conventional 

glucose biosensors. The results for sensitivity and resolution suggest the potential of the 

proposed structure as a sensing platform for the detection of glucose concentration. 
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Abstract: In the present study, an ultrasensitive hydrogen sulfide sensor is developed via 

functionalization of U-shaped Plastic optical fiber. The results of the sensor demonstrate low 

response time and full recovery while exposed to a gas mixture containing 200 ppm concentration 

of measured.  

1. Introduction

Plastic optical fibers (POFs) benefit from their higher mechanical strength, which makes them more flexible than 

glass fibers to use in toughness–demanded cases. The POFs also possess an extremely large core/cladding size ratio. 

This factor takes into account when the removal of cladding is required to fabricate a satisfactory sensor. Gas 

sensors are a subcategory of chemical detectors, which are designated to sense and/or quantify the concentration of 

one or more gaseous species. Highly increasing demand to detect gases in low concentrations inspires scientists to 

develop more precise and fast gas sensors. Carbon dioxide concentration, for example, is a good factor to evaluate 

the air freshness [1]. Taking into account the security issues, detection of inflammable and/or toxic gases, such as 

methane and hydrogen sulfide, turns a protection tactic against crew fatalities, explosion, and fire incidents on 

petroleum platforms[2]. Detection of some organic gases such as NO in exhaled breath is an approved pathological 

method of airway inflammations including asthma [3]. Polycrystalline SnO2 is fundamental n-type semiconductor in 

gas sensing area principally for reducing gases such as H2, CH4, C4H10, CO, and H2S. Under ambient air conditions, 

(O2
–)ad. and (O–)ad. chemisorbed donors are present at the surface of SnO2. These species are involved in reversible 

catalytic oxidation of reducing gases [4]. The X-ray Photoelectron Spectroscopy (XPS) spectra gained from a tin 

oxide sample after exposure to H2S demonstrate a S(2s) core level peak at 161 eV binding energy. Consequently, the 

following reversible chemical reaction is proposed [5]: 

SnO2-x(s) + yH2S(g) = SnO2-x-3y(s) + yH2O(g) + ySO2(g) – 6ye–  (1) 

 The main disadvantages of SnO2, other than functional temperature of 400˚C, are the poor selectivity and stability 

of the sensor signal. A SnO2 sensor doped with 5 wt.% CuO becomes dramatically sensitive to H2S at temperatures 

lower than 200˚C.  Since H2S is an acidic (reducing) gas, its sensitivity increases using basic additives [5]. Like 

copper oxide, nickel oxide has an outstanding promotion effect in H2S sensitivity [6]. These behaviors are attributed 

to nickel and copper intrinsic affinity to sulfur [7]. Doped SnO2 gas sensing mechanism can be explained based on 

semiconductors theory. Considering tin oxide as a matrix, copper oxide aggregations act as a dispersed phase. 

Oxygen deficient matrix (n-type semiconductor) and oxygen rich dispersed phase (p-type semiconductor) form a 

series of n–p–n semiconductor set. Consequently a depleted area is formed in matrix–dispersion interface and a 

potential barrier is established which increases the overall conductivity of the set. Once exposed to H2S or any other 

sulfur containing gas, copper oxide and sulfur undergo a reversible chemical reaction as follows: 

CuO (s) + H2S(g) = CuS(s) + H2O(g)  (2) 

 Copper monosulfide (CuS) is a moderate conductor of electricity. Therefore, potential barrier which is the result of 

a n-p-n semiconductor set is removed. Moreover, the work function of CuS is several times lesser than SnO2. As a 

result, the bands bending downwards which facilitates the electron flow from CuS to SnO2 and vice versa [10]. The 

same mechanism is proposed for NiO/SnO2 Sensors. However, the point in NiO doping is the operation temperature 

range that falls in 0 to 150˚C [8]. 

Partial removal of cladding enables the interaction between the light guided through an optical fiber and the 

surrounding media. The cladding can be either tapered, etched or even side–polished. In some cases, the sensing 
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procedure functions based on Evanescent Field (EF). As the proportion of light interacting with the surrounding 

depends on its refractive index, EF–operated sensors are more used with liquid samples (as liquids has more 

refractive index than gases due to their higher density) [9]. In a more advanced method, gas sensitive thin films 

substitute partially the cladding. Enabling the light to be influenced indirectly with the test gas [10]. A bent optical 

fiber sensor, working based on absorption or evanescent field, can achieve a sensitivity order of 70 times higher than 

a straight form [11]. In two successful works, a U-shaped POF receives sensitive films to detect glucose, ethyl 

alcohol, and milk quality [12, 13]. 

 In the current study, a new generation of H2S gas sensors as developed with the aid of Refractive Index (RI) and 

Evanescent Field (EF) principles dominant in Plastic Optical Fibers (POF). The U–shaped POFs are functionalized 

receiving various Pulsed Laser Deposited (PLD) multilayer thin films of CuO and SnO2. During exposure to H2S, 

these metal oxides undergo a chemical reaction and/or a physic-chemical surface H2S adsorption. Consequently, 

their physical properties, in general, and optical behavior (refractive index, transmittance, etc), in particular, are 

altered. The U–shaped POF containing such thin film is coupled to an electro–optical set configured to retrieve 

signals depending on internal RI and EF. Therefore, any changes in the optical parameters of the thin film may 

interfere in the output of the fiber. The procedure of fabricating a U-shaped POF sensor through deposition of a thin 

film sensitive to desired measurand may function for wide range of chemical detection. Therefore, the challenge is 

to find a substance with affinity to measurand, which is also capable of being deposited on a POF. The optical 

sensing mechanism can be maintained the same. 

2. Experimental Setup

The POFs are cut and their cladding is removed. Then, they areey are bent to gain dimensions reported in Fig. 1. 

This geometry makes a larger Evanescent Field (EF) in the curvature area. Each U-shaped POF is subjected to 

Pulsed Laser Deposition (PLD) in order to receive a thin film of SnO2 and/or CuO. A light propagation (in this case 

LED) and detection (Photocell) system is used to analyze the behavior of studied optical sensor during H2S 

exposure. 

Fig. 1. The geometry of bent area in POF explored in the current work. The thin films of metal oxides are deposited on curved part of optical 

fiber equipped with light propagation (LED) and detection components (Photocell). 

 The laser used to perform PLD procedure has a pulse frequency of 10 Hz and a wavelength of 553 nm (2Ω from 

Nd-YAG source). Its energy is adjusted to meet 50 mj/cm2 per pulse. The pressure of deposition chamber is kept to 

be 2.5×10-5 mbar (Fig. 2)  

Fig. 2. Schematic of Pulsed Laser Deposition chamber. 

 A controlled atmosphere chamber capable of gas purge in controlled flow is developed to simulate the H2S 

exposure and record possible changes in optical energy transmitting through optical fiber-thin film set (Fig. 3). 
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Fig. 3. Schematic exposure to hydrogen sulfide test chamber. The sensor is subjected to an atmosphere containing a maximum concentration of 

200ppm H2S. Then the fresh air is injected to reset the procedure. 

 In order to have a reference film morphology free of POF roughness and curvature, a standard silicon wafer, with 

<100> crystal growth direction, is used as a substrate. The Si plate is cut in 1×1 cm2 dimensions and subjected to 

PLD CuO deposition for 30 min. The sample then is analyzed using JPK®(NanoWizard®) Atomic Force Microscopy 

in “intermittent contact” mode and topography channel. 

 According to literature, SnO2 doped with CuO demonstrates an excellent performance while the former has a 

matrix role and the latter forms a dispersed phase. Consequently, single layers of SnO2 and CuO as well as 

SnO2/CuO hybrid thin films are deposited and tested. To fabricate the multilayer thin film, the POF is undergone 

through subsequent changing of the target (Pure SnO2 and CuO disks) in a single PLD run. The best results are 

achieved in a deposition cycle containing a step of SnO2 deposition for 55 seconds followed by a CuO deposition for 

5 seconds. The mentioned cycle is repeated 10 times. 

3. Results and Discussion

AFM images indicate that the PLD thin films produced containing a homogeneous structure accompanied with 

distinguishable circular droplets with diameter variety falling in 100 to 500 nm range (Fig. 4).  

Fig. 4. AFM images of the PLD CuO thin film deposited on a standard Silicon substrate. Left) 3D and Right) 2D topography 

demonstration of the film. It contains a uniform ultrathin film underneath a set of nanometric sized isolated spherical-shaped islands 

(typical morphology of PLD films). 

 After receiving the thin film, each POF probe is mounted in H2S testing chamber at room temperature. the Infrared 

wavelength LED light source connected to one end of the fiber emits a constant light quantity and the Photocell 

connected to another side (see the Fig. 1) transforms it to voltage (in mV). Any attenuation during exposure to H2S 

is attributed to refractive index modification in the sensitive thin film. In order to normalize the intensity of 

transmitted light and relate it to the effect of H2S on the Refractive Index of the thin film and Evanescent Field of 

the POF, the following equation is used: 

    (3) 

Where: 
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is the steady state light transmitted and detected by photocell through the POF called as yield (in mV); 

 is the yield in time t while the test is running. 

 A common testing procedure for this class of sensors involves a set of cycles including purging of Nitrogen with a 

200ppm concentration of H2S and fresh air, respectively. These cycles simulate the occurrence of H2S leakage in, for 

example, refinery plant. The POF containing a straight SnO2 thin film demonstrates no sensibility to measurand. 

This observation may be attributed to the fact that the functional temperature of undoped SnO2 is higher than 400˚C. 

The U-shaped POF which receives a thin film of CuO demonstrates excellent sensitivity with high signal. However, 

poor reversibility. Actually the sensor functions for only two cycles (Fig. 5). The phenomenon can be related to 

intrinsic affinity of copper to sulfur and an irreversible reaction transforms it permanently to CuS (see equation 2). 

Fig. 5. The graph of a partially reversible sensor. 

Finally, the U-shaped POF functionalized with the hybrid SnO2/CuO multilayer thin film is tested in which the 

sensor undergoes three cycles and its response in recorded (Fig. 6). According to this test, the response time of the 

developed sensor falls in 80-100 seconds. It also demonstrates that the maximum signal is about 2%. The sensor 

demonstrates total reversibility after 3 cycles. 

Fig. 6. The signal vs. time curve of developed sensor during a H2S leakage simulation. The red arrows mark the moment of measurand 

(200ppm of H2S in N2) injection to chamber. While the blue ones are marking fresh air purging. 

4. Conclusions

A new generation of H2S gas sensors is developed and tested successfully at room temperature. Being an optic 

appliance, the sensing part is free of electrical charge. Consequently, it can be installed in sites at which there is a 

large demand of security against explosion. Thanks to its operational temperature, the sensor is free of any heating 

apparatus that used to be mandatory in conventional H2S sensing setups. Its confirmed sensibility falls in orders of 

100 ppm of the mentioned gas. The experiment revealed that the POF functionalized with hybrid SnO2/CuO 

multilayer thin film undergoes a remarkable change in signal as it is exposed to H2S in ppm concentration orders. 

 More studies are needed to measure exact reversible exposure limit of the sensor. Additionally another hybrid thin 

films may be studied, as well as other geometries than U-shape. 
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Abstract: The functionalization of an etched fiber Bragg grating with a drop casted thin film 

improved the sensor sensitivity to ammonia vapors. The film was obtained from a solution of 

a perylene derivative along with the copolymer PCDTBT, in chlorobenzene. The resulting 

sensor detects ammonia vapors ranging from 27 to 6954 ppm, at room temperature. 

1. Introduction

Ammonia is a natural gas that can be found in the air, soil, and water. At the beginning of the 20th century, 

ammonia diffusion to the environment could be attributed to the nitrogen cycle, thunders and volcanoes activity. 

Nowadays, the majority of ammonia released in the atmosphere has its origin in human activities. Ammonia is 

one of the largest volume synthetic chemical produced in the world [1], with more than 80% of its production 

destined for the nitrogen-based fertilizers industry. Ammonia losses during production and fertilizer spreading 

correspond to more than 95% of the anthropogenic ammonia emissions [2]. At high concentrations or in the 

long term, it becomes a hazard to the local environment [3] and to human health [4]. Its vapor or liquefied forms 

are both corrosive and toxic, making its monitoring essential. Ammonia is colorless, with a characteristic 

pungent smell. Regular ammonia perception by smell is given by 25 ppm, and human exposure to such 

concentration is not recommended for periods longer than 8 hours. At 35 ppm, the recommended exposure limit 

drops to 15 minutes [5]..Concentrations above 100 ppm are uncomfortable to most people. In despite the upper 

respiratory tract irritation and eyes tearing, concentrations up to 500 ppm do not represent life-threatening health 

effects for short period exposure. Above 500 ppm, the protective response to inhaling irritant vapors known as 

reflex glottis closure is verified. Concentrations above 5000 ppm are potentially lethal [6]. Once that ammonia is 

very soluble in water, it forms ammonium hydroxide and produces heat when in contact with moist surfaces, 

such as mucous membranes. The corrosive and exothermic properties of ammonia can result in immediate 

damage to the eyes, skin, and severe damage at all levels of the respiratory system. 

Several technologies can be applied to ammonia detection such as metal-oxide [7], the reactivity of catalytic 

metals [8] and conductive polymers [9]. Sensors parameters like flexibility, low weight, fast response and low 

cost of production are desirable in any measurement system. In this sense, fiber Bragg gratings (FBG) sensors 

are suitable candidates. Even though FBGs are inherently sensitive to strain and temperature [10], they become 

sensitive to the surrounding environment after their cladding portion had been functionalized or 

partially/completely removed [11]. The cladding portion removal can be easily accomplished by chemical 

etching in hydrofluoric acid (HF). The etched FBG (EFBG) sensor relies on the interaction of the evanescent 

field of the propagating core mode with the fiber surroundings [11]. Additionally, the sensor response can be 

improved with the application of conjugated films into the EFBG. The ammonia vapor interaction with these 

films is given by chemical reactions or charge transfers, resulting in changes in the film optical absorbance or in 

the film refraction index [12]. As a result, the propagating light in the optical fiber has its amplitude modulated 

or its wavelength shifted. Few publications report the use of fiber gratings for ammonia gas sensing [13-15]. 

In our previous work, we reported that PCDTBT:PDI thin films can be used to functionalize EFBGs 

sensors, improving their sensitivity to ammonia [16]. The copolymer PCDTBT was applied as a matrix to the 

perylene derivative PDI, which behaved as the sensing element. In this work we report that a greater sensitivity 

is achieved by lowering the compounds concentration. The new film has a (23.44 ± 1.38) nm thickness and the 

prepared calibration curve allows ammonia detection with concentration ranging from 27 to 6954 ppm. 

2. Materials and Methods

2.1. Chemicals 

The perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA), the poly[[9-(1- octylnonyl)-9H-carbazole-2,7-

diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT), the decylamine and the 
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zinc acetate were purchased from Sigma-Aldrich and they were used without any further purification. The 

imidazole was purchased from Alfa Aesar. Spectroscopic grade solvents were used for all the experiments. 

 

2.2. Film Preparation, Characterization and Sensor fabrication 

Individual solutions of PCDTBT and PDI were prepared, both adopting chlorobenzene as a solvent. The 

PCDTBT solution was prepared by the addition of 1 mg of the polymer in 1 ml of the solvent. The solution was 

magnetically stirred for 1 hour at room temperature. Solvent was added to the resulting solution of 1 mg.ml-1  

until a concentration of 0.125 mg.ml-1 was verified.  

The soluble symmetrically N,N’-substituted perylene derivative (PDI) was obtained by the condensation 

reaction of PTCDA with aliphatic primary amines, in molten imidazole solvent with zinc acetate as a catalyst, 

according to the standard condensation methods [17,18]. The PDI solution was prepared by the addition of 1 mg 

of the PDI molecule in 1 ml of the solvent. The solution was magnetically stirred for 1 hour at room 

temperature. The solvent was added to the resulting solution of 1 mg.ml-1  until a concentration of 0.25 mg.ml-1  

was verified. 

The 0.125 mg.ml-1 PCDTBT solution and the 0.25 mg.ml-1 PDI solution were magnetically stirred for 1 

hour at room temperature. Both solutions were then mixed at a 1:1 volume ratio, remaining upon magnetic 

stirring for another extra hour at room temperature, resulting in a PCDTBT:PDI-0.187 mg.ml-1 1:2 solution. A 

thin film control sample was created by drop casting the volume of 20 µl of the solution over a 1x2 cm glass 

substrate, made from a microscope slide. 

Topography images of the PCDTBT:PDI-0.187 mg.ml-1 1:2 film control sample were acquired using the 

atomic force microscope (AFM) SPM-9700 (Shimadzu). The AFM operated in dynamic mode, using a NCR-10 

(Nano World) silicon tip, with a frequency of 285 kHz and force constant of 42 N.m-1. The thickness of the 

PCDTBT:PDI 0.187 mg.ml-1 1:2 film control sample was measured with the non-contact 3D profiler Talysurf 

CCI Lite (Taylor Hobson), which has a 10 pm vertical resolution, with a 20x  magnification lens. 

The FBG was inscribed in a Draka Comteq single mode fiber with the phase mask technique. An ArF 

excimer laser (Xantos XS, Coherent®) was used,  emitting at 193 nm, with 250 Hz and 2.5 mJ energy per pulse. 

The fiber cladding was removed by chemical etching (40 % HF) until a 4 nm blue wavelength shift had been 

observed. The etching process was neutralized in NaOH. A volume of 20 µl of the PCDTBT:PDI-0.187 mg.ml-1  

1:2 was drop casted over the EFBG and the sensor was kept light sheltered for 24 hours, at room temperature. 

The Bragg wavelength shift was monitored with the SM-125 optical interrogator (Micron Optics), at a 2 Hz 

scan rate and wavelength accuracy of 1 pm. The curves were smoothed adopting the Savitzky Golay method (50 

points of window and second polynomial order).   

 

2.3. Sensor Characterization 

The measurement setup is composed of a platform that lifts a chamber containing ammonia vapor to the sensor 

that is fixed at the top of a rod, as presented in Figure 1. The sensor is kept exposed to the ammonia vapor 

within the chamber for 15 minutes. Afterward, the platform is lowered and the sensor is exposed to the 

environmental air for the same amount of time. A 3-liter flask was used as a vapor chamber. In order to create 

ammonia vapor, a fixed volume of 50 µl of ammonium hydroxide (NH4OH), under different concentrations, was 

pipetted into the chamber. Each NH4OH concentration had its own chamber. After the NH4OH had been placed 

inside the chamber, it was immediately closed and kept sealed for 10 minutes, until the measurement took place. 

 

 

Fig. 1. A platform lifts an NH3 chamber up to the sensor. The Bragg wavelength shift is registered by the optical interrogator. 
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3. Results and discussions

Figure 2 presents the height and phase AFM images acquired from PCDTBT:PDI-0.187 mg.ml-1 1:2 films using 

highly diluted chlorobenzene solution. This film is composed of fibers that may arise from the columnar 

aggregation of PDI. Moreover, the phase image pointed out the PDI aggregation resulting in isolated microsized 

domains with size ranging from 1 µm up to 2 µm. The profilometer measurement evaluated the thickness of the 

PCDTBT:PDI-0.187 mg.ml-1  film, and the value of  (23.44 ± 1.38) nm was found. 

Fig. 2. a) Height and b) phase AFM images from PCDTBT: PDI 0.187 mg.ml-1 1:2 thin films. 

Figure 3 presents the performance of the coated sensor for ammonia concentrations ranging from 27 to 

6954 ppm, at room temperature. A red wavelength shift can be observed when the sensor is exposed to the 

ammonia within the chamber. A blue wavelength shift can be observed when the sensor is exposed to 

environmental air, indicating the sensor reversibility. The solid red line represents the exponential fit to each 

individual concentration, and their convergence values are plotted as calibration points in Figure 4(a). The 

sensor behavior could be explained by the charge transfer between the ammonia (electron donor) and the PDI 

molecule (electron acceptor).  The charge transfer could change the film optical properties, like the refractive 

index, that could be detected by the EFBG. The full comprehension of the sense mechanism is under 

investigation. 
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Fig. 3. PCDTBT:PDI-0.187 mg.ml-1 1:2 sensor wavelength shift versus time for ammonia exposure. 

The exponential fit of the calibration points allowed to plot the calibration curve of the coated sensor, 

plotted in solid red line in Figure 4(a). The PCDTBT:PDI-0.187 mg.ml-1 1:2 sensor sensitivity and resolution are 

plotted in the Figure 4(b). The sensor sensitivity, plotted in solid black line, was obtained by the derivative of 

the calibration curve. The sensor resolution, plotted in the solid blue line, was obtained by the division of the 

SM-125 resolution by the sensitivity curve. 
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At 27 ppm, which is close to the lower limit of human nose ammonia perception, the sensor presents a 

sensitivity of  0.019 pm.ppm-1 and a resolution of 50.307 ppm. Around 100 ppm, a concentration that is very 

unpleasant to humans, the sensor sensitivity is 0.018 pm.ppm-1 and the resolution is 53.503 ppm. Around 500 

pm, a concentration where reflex glottis closure is verified, the sensitivity is 0.013 pm.ppm-1 and the resolution 

is 74.764 ppm. 

 

 

 

 

 

Fig. 4. a) Calibration curve and b) sensitivity and resolution curve of the ammonia sensor. 

4. Conclusions

An EFBG ammonia gas sensor, functionalized with a PCDTBT:PDI-0.187 mg.ml-1 1:2 thin film was described. 

The sensor is reversible and allows the detection of an ammonia concentration down to 27 ppm, which is close 

to the average human nose perception limit. The sensor presents a dynamical range higher than a similar sensor 

showed in our previous work, allowing the detection of an ammonia concentration up to 6954 ppm, which can 

be lethal for long period exposure. A calibration curve was plotted, and its derivative allowed to plot the sensor 

sensitivity curve. The division of the interrogation system resolution (1 pm) by the sensitivity curve allowed to 

plot the resolution curve. At 27 ppm, which is close to the lower limit of human nose ammonia perception, the 

sensor presents a sensitivity of 0.019 pm.ppm-1 and a resolution of 50.307 ppm. 
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Abstract: Coupling characteristics of helically twisted twin-core fibers with hole-assisted

structure were numerically evaluated. It was observed the increase of coupling length with the 

increase of twist rate, and it was confirmed the effectiveness of hole-assisted guidance to loss 

reduction. The proposed twisted fiber, with 66 mm length, works as a circular polarization 

splitter.   

1. INTRODUCTION

Conventional optical fibers are structures formed by a high index core surrounded by low index cladding. These 

optical structures can guide the light due the well-known total internal reflection effect (TIR). The development 

of specialty optical fibers has demonstrated the possibility to support optical guidance by many other physical 

effects, such as: photonic bandgap and antiresonant effect [1,2]. Recent advances in fiber optic technology has 

demonstrated a new physical effect able to support optical guidance in helically twisted coreless Photonic Crystal 

Fibers (PCF) [3]. The helically twisted structure creates a topological channel that increases the optical 

confinement at the twisting axis [3,4]. This effect occurs both because the longitudinal twist rate and the quadratic 

increase of the optical path as function of radial coordinates [3,4].  

In recent years the interest in developing optical platforms, based on helically twisted optical fibers, have 

grown [3,5,6] and applications in optical fiber sensing have been demonstrated [5,7]. Twisting optical fibers 

induces chiral properties that allows controlling the polarization state, generates modes with total angular 

momentum and induces optical activity [3,6]. In this paper, for the first time, are presented numerical 

characterization of helically twisted twin-core couplers (HTTC) as function of twist rate. Its main contribution is 

to reveals the influence of twist rate in the characteristics of twin-core couplers. To control the confinement losses 

in the proposed device, we explore a new design with the inclusion of a ring of air-holes to obtain a hole-assisted 

helically twisted twin-core fiber coupler (HTTC-HALF) [8].  

2. HELICALLY TWISTED TWIN-CORE FIBER COUPLER

Twin-core fiber couplers are structures based on identical cores for which coupling length is dependent of the 

distance between cores, the wavelength and the refractive index contrast between cores and cladding. The 

proposed helically twisted twin-core fiber couplers (HTTC) are shown in Fig.1 (a) and Fig. 1(c). The simplest 

structure (Fig. 1(a)) consists of a step index twin-core with a small gap between them. The more complex structure 

(Fig. 1(c)) is similar to the first design with the inclusion of air-holes surrounding the fiber's cores. The air-hole 

ring increases the optical confinement acting as a hole assisted lightguide fiber (HALF) [8]. The new coupler 

design will be named HTTC-HALF.  

The geometric models are presented in Figs. 1(a) and 1(c). The couplers consist of two step index solid cores 

with diameter D = 8.2 µm and gap between cores of 1.0 µm. The refractive index contrast between core and 

cladding is ∼0.357 % considering a cladding refractive index of 1.444024 at 1550 nm. The hole-assisted fiber 

coupler includes a ring of air-holes with diameter d = 0.4*D (Fig. 1 (c)). 

Fig.1. Helically twisted twin-core fiber couplers (HTTC). (a) Geometric model of HTTC. (b) Refractive index profile of HTTC along x axis.

(c) Geometric model of HTTC-HALF. (d) Refractive index profile of HTTC-HALF along x axis. Arrow shows the rotation direction. 
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In this paper both fiber couplers are helically twisted what causes a change in the optical path as function of 

radial coordinate and twist rate. This increase in optical path can be properly represented mapping Cartesian to 

helical coordinates where helically twisted optical fibers are represented by a geometric model independent of 

longitudinal coordinate [9]. In this case, the optical path changes are represented by equivalent non- homogeneous 

material properties (electrical permittivity and magnetic permeability) with full anisotropy [3,9]. 

Figs. 1(b) and 1(d) present the equivalent refractive index values along symmetry horizontal axis after the 

space mapping from Cartesian to helical coordinates. It is possible to observe a quadratic index change as function 

of radial coordinate. Because fiber's cores are symmetrically fixed at a distance from fiber center, the increase of 

optical path is identical for both core regions ensuring a high coupling factor. However, high twist rates cause 

changes in the coupling factor infringing changes in coupling length. 

For special optical fibers with helically twisted structures it is not possible to establish an accurate analytical 

approach capable to describe the whole characteristics of electromagnetic wave propagation. However, it is 

possible to use a numerical approach to solve the wave equations in all its complexity. A space mapping from 

Cartesian to helical coordinates allows using a 2D geometric model to represent the transversal cross section of 

twisted optical fibers. This is possible because helically mapped geometry is invariant along z axis. The helically 

twisted twin-core fiber couplers were numerically modeled with a commercial finite element software 

(COMSOL) considering space mapped coordinates as an equivalent material with properties (ε, µ) that take into 

account the increase in optical path as function of radial coordinate and twist rate.  

The space mapping from Cartesian (x,y,z) to helical (�� , ��,��) coordinates can be represented by:

� =  �� cos� ��� +  �� sin� ���,   � =  −�� sin� ��� +  �� cos� ���,                                                        (1)  � =  �� , 

where α is the twist rate (2π/Λh) and Λh is the helical period. 

Maxwell's equations are invariant under space mapping and independent of z axis for mapping to helical 

coordinates, when material properties (ε, µ) are represented into the helical frame [10]. The relative electrical 

permittivity εr and relative magnetic permeability µr tensors can be obtained in helical frame as εh =εr T−1 and µh=µr 

T−1, where � =  ��� ������⁄  and J is the Jacobian matrix of the space mapping. The inverse transformation matrix

is [9]: 

  ������, ��� = �1 + ���� −����� −��−����� 1 + ���� ��−�� �� 1   .  (2)

3. RESULTS AND DISCUSSION

The numerical analysis of the structures was carried out using the full-vector finite element method. A twisted 

cylindrical perfectly matched layer  was applied to avoid reflections at external boundaries and accurately evaluate 

the confinement losses [4].  

In helically twisted optical fibers a linearly polarized optical mode is splitted into two circularly polarized 

modes, rotating to right (RCP) and left (LCP) directions. When these modes have different phase velocities, a 

linear combination of them results in total angular momentum. On the other hand, the helical twist affects the 

propagation modes creating a topological increase in optical path and in the effective index of circularly polarized 

modes at helical frame, that are dependent of twist rate and total angular momentum�! + "�. The effective index

mode can be obtained at Cartesian frame by:  

#$ = #% + �! + "� &'( ,  (3) 

where #% is the effective refractive index in the helical frame, l is the orbital angular momentum (optical vortex),

s is the spin-angular momentum (circular polarization), α is the twist rate, and κ0 is free space propagation 

constant. It was assigned s = + 1 for LCP and s = −1 for RCP and l = 0. Optical activity is present when helically 

twisted optical fibers have different propagation constants for LCP and RCP modes. When LCP and RCP modes 

have a high difference on propagation losses occurs a circular dichroism. 

Twin-core fiber coupler allows coupling optical signal from one core to another with a coupling coefficient-

dependent coupling length. The coupling modes overlap in a linear combination of even and odd supermodes. In 

helically twisted twin-core fiber couplers, both the linearly polarized supermodes are splitted into RCP and LCP 

circular polarizations (RCPeven, and RCPodd, LCPeven, LCPodd). The coupler device characteristics can be evaluated 

using theory of coupled supermodes. This analysis requires simultaneous excitation of both even and odd modes. 

As usual, the coupling length (Lc) can be evaluated as )$ =  * 2|#-.-/ − #011|⁄ . For twisted optical fibers we

combine RCPeven, and LCPodd or LCPeven and RCPodd to respectively evaluate )$_456 or)$_756. The coupling length
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of twisted devices can be evaluated following the same procedure, however using the circular polarization modes )$8 =  * 29#$_756-.-/ − #$_456011 9⁄ , where #$_756-.-/  is the effective index of RCP even supermode and #$_456011  is the

effective index of LCP odd supermode at Cartesian frame, and the index i represents the circular polarized modes 

(right and left).  

The Figs. 2(a) and 2(b) present the effective index of LCPeven, LCPodd, RCPeven, and RCPodd, modes, 

respectively to HTTC and HTTC-HALF fiber coupler as function of twist rate. It is observed that the effective 

index increases for RCP modes (odd and even) and decreases for LCP modes (odd and even) as function of twist 

rate, consequently generating circular birefringence. At Cartesian frame, the modal effective index difference 9#$_756-.-/ − #$_456011 9 decreases for higher twist rates, leading to longer coupling length.

Fig.2. Modal effective index, at helical frame, of helically twisted twin-core fibers as function of twist rate. (a) HTTC. (b) HTTC-HALF. 

The Figs 3(a) and 3(b) present the coupling length as function of twist rate for HTTC and HTTC-HALF. The 

untwisted twin-core couplers have coupling length of about 1000 µm. Increasing the twist rate allowing longer 

coupling lengths to be reached. Higher twist rate causes a deformation in the optical field profile shifting the mode 

to peripheral region of the fiber`s cores reducing the coupling factor and consequently increasing the coupling 

length. This mechanism is, for the first time, demonstrated for helically twisted twin-core fiber couplers. 

Fig.3. Coupling length of helically twisted twin-core fiber couplers as function of twist rate. (a) HTTC and (b) HTTC-HALF with gap of 1 

µm.  The lines black and red represent the hand-coupled modes  )$_456       )$_756  . 

Helically twisted fiber optic devices have larger confinement losses as the twist rate increases. To control this 

effect in HTTC fiber couplers it was proposed the HTTC-HALF design that includes hole-assisted guidance. The 

Fig. 4(a) and 4(b) show the confinement loss as function of twist rate for both configurations (HTTC and HTTC-

HALF). It is evident that the structure with hole-assisted guidance presents very small confinement losses as 

compared to the regular structure without extra air-holes. The hole-assisted fiber coupler allows to reach a high 

twist rate (10.5 rad/mm) with fewer losses (0.008 dB/mm). 

To analyze the possibility of obtaining a circular polarization separation it was evaluated the normalized 

power variation of the two circular polarization states along the propagation distance. It was considered a 

wavelength of 1550 nm, twist rates of 4.2 rad/mm and 10.5 rad/mm and both fiber coupler configurations (HTTC 

and HTTC-HALF). The Fig. 5(a) shows the power evolution at HTTC fiber`s cores along propagation axis. It is 

possible to observe the effect of high confinement loss reducing the optical power along the fiber. The Fig. 5(b) 

presents the power evolution along the propagation axis of HTTC-HALF with 4.2 rad/mm twist rate. In this case 

the fiber coupler works fine without power reduction, however there is not circular polarization separation. The 

(b) (a) 
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Fig. 5(c) presents the optical power evolution of HTTC-HALF with 10.5 rad/mm twist rate. For the higher twist 

rate the fiber coupler is able to separate the circular polarizations at 66 mm distance. 

Fig.4. Confinement loss of the RCP (blue) and LCP (red) supermodes as function of twist rate. (a) HTTC. (b) HTTC-HALF. 

Fig.5. Normalized power of modes along propagation axis.  HTTC with α = 4.2 rad/mm. (b) HTTC-HALF with α = 4.2 rad/mm. (c) HTTC-

HALF with α = 10.5 rad/mm. The lines black and red represent the circular polarization modes        )$_456       )$_756 .

4. CONCLUSION

In this work, for the first time, the coupling characteristics of helically twisted twin-core couplers were analyzed, 

demonstrating the increase of coupling length with twist rate. The first analyzed structure contains two solid 

waveguide cores, while the second only differs by the insertion of an air holes ring. The results show that the air 

holes reduce confinement losses and suppress the device's optical dichroism as twist rate increases. Lower losses 

allow to achieve a higher twist rate (10.5 rad/mm) obtaining a 66 mm length circular polarization splitter that has 

potential applications in optical information processing, routing, sensing and imaging systems. Due to the 

structural simplicity of the proposed coupler and circular polarization splitter, it could be useful in optical 

communication systems. 

This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior-Brasil (CAPES)-

Finance code 001. 
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Abstract: A liquid filled capillary-like fiber sensor for monitoring the evaporation rate of the filling 

liquid through fiber specklegram analysis is proposed and evaluated. Experimental data shows a 

clear relation between the specklegram shift over time and evaporation, prospectively allowing the 

assessment of multiple parameters of the liquid by modeling evaporation in a capillary. 

1. Introduction

The measurement of fluid evaporation in microchannels and capillary structures is important to several applications, 

such as in evaporative cooling devices and porous coating technologies [1,2]. Optical fibers can be used as a 

medium for carrying and analyzing fluids via microchannels intrinsic to the fiber. Even though liquid sensing with 

fiber devices such as Photonic Crystal Fibers is a prolific research topic [3], a simpler approach based on capillary-

like fibers can be used [4,5]. In this paper, a new approach for monitoring the evaporation of a liquid inside a 

capillary-like fiber is reported. The fiber is filled with the fluid sample and light is launched into the capillary wall, 

the light traveling down the capillary interacts with the fluid and the resulting output speckle field is processed in 

order to retrieve the displacement of the air/liquid interface in a sensitive way. 

2. Methodology

2.1. Sensor Design and Experimental Setup 

The sensor consists of a hollow glass tube with outer and inner diameters of ~250 µm and ~200 µm, respectively. It 

was drawn from a 63 mm industrial grade fused silica tube preform by setting furnace temperature to 1902°C, 

preform feeding speed to 1.5 mm/min, drawing speed to 0.80 m/min, and maintaining a constant manometric 

pressure of 0.4 kPa inside the tube by injecting inert gas to prevent the walls from collapsing. 

A small length (~55 mm) of the fabricated capillary tube is filled with fluid by attaching it to a hypodermic 

needle and syringe containing the fluid of interest. To avoid unwanted loss of fluid by leakage or evaporation both 

sides of the capillary piece are sealed by injecting and hardening photocurable resin, remaining this way until the 

start of experiments. Fig. 1 (a) shows optical microscopy images of the tip of a resin sealed liquid filled capillary. 

A schematic of the experimental setup is depicted in Fig. 1 (b). Light from a He-Ne laser source passes through 

a neutral density filter (NDF) and is directed to the sensing fiber by the mirrors M1 and M2. Objective lenses (L1 

and L2) mounted on precision translation stages launch the light into the sensing fiber and focus the output speckle 

pattern into the exposed CCD of a webcam. A microscope is used to monitor the movement of the liquid inside the 

sensing fiber. Both the webcam and the microscope camera are connected to a computer via USB cables for data 

acquisition. A digital thermo hygrometer is placed near the setup to monitor temperature and relative humidity. 

With an average wall thickness of 25 µm and proper choice of the filling fluid, the capillary tube is expected to 

behave as a highly multimode waveguide for the light from the He-Ne source (𝜆 = 632.8 nm). As coherent light 

propagates through a multimode fiber, interference between the propagating modes creates a complex output speckle 

pattern. This speckle pattern, or specklegram, is sensitive to the waveguide conditions. In addition to that, the 

evanescent field from higher order modes interact with the surroundings of the capillary walls, making the output 

specklegram also sensitive to the refractive index of the surrounding mediums [6]. 

As the fluid inside the capillary evaporates, the output specklegram is affected by the changes in the air and 

liquid filling fractions. The development of the specklegram 𝐼(𝑥, 𝑦) as the liquid evaporates was quantified by 

evaluating the zero-mean normalized cross-correlation (ZNCC) defined as follows [7]: 
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𝑍𝑁𝐶𝐶 =  ∬(𝐼0 − 𝐼0)(𝐼𝑛 − 𝐼𝑛 )𝑑𝑥𝑑𝑦 [∬(𝐼0 − 𝐼0)(𝐼𝑛 − 𝐼𝑛 )𝑑𝑥𝑑𝑦]
1/2

⁄ (1) 

Where 𝐼0(𝑥, 𝑦) is the reference specklegram (specklegram of the first video frame), 𝐼𝑛(𝑥, 𝑦) is the specklegram

for the n-th video frame, 𝐼0 is the average intensity of 𝐼0(𝑥, 𝑦), 𝐼𝑛 is the average intensity of 𝐼𝑛(𝑥, 𝑦), and (𝑥, 𝑦) are

pixel coordinates in the digital specklegrams. ZNCC was chosen for its property of suppressing variations in the 

image brightness, providing results more robust than a conventional normalized correlation coefficient [7,8]. 

ZNCC data reported in this work was calculated from a 200200 pixels square window in the specklegram 

videos centered at mid-height and slightly off-centered towards the inner wall, to analyze the speckle closer to the 

filling fluid. This region of interest is shown as a dashed yellow square on the inset to the right of Fig. 1 (b). 

Fig. 1. (a): Microscopy images of a sealed capillary filled with water; left = front view showing the water filled section “A”, photocurable resin 

seal “B” and a free tip “C”; right = top view with inner and outer diameter measurements. (b): Schematic of the experimental setup, a frame of the 

captured specklegram video is shown to the right along with a representation of the analysis window for the calculation of ZNCC. 

For the best results with the ZNCC analysis a good speckle contrast is desirable. Speckle contrast increases as 

the optical power from the laser source shifts from fundamental modes to higher-order modes in the waveguide [9]. 

Since higher-order modes have bigger modal area and higher evanescent field contribution, the aim is to excite a 

high number of higher-order modes, as this is important to enhance the device sensitivity. This can be achieved by 

using the precision translation stage in which the input lens L1 is mounted to introduce a misalignment of the 

incident beam in relation to the capillary-like fiber glass walls [9]. 

2.2. Experimental Procedure and Data Acquisition 

Prior to starting the experiments, the He-Ne laser is turned on and let stabilize for about 1 hour. One of the sealed 

extremities of the sensing fiber containing a liquid of interest (water with red coloring in this study) is cleaved out 

and the fiber is carefully placed between the objective lenses, open side directed towards the webcam. 

A LabVIEW routine was used to capture and save images of the meniscus with the microscope camera. 

Overlays for image count and a reference scale for measuring the movement of the meniscus can be toggled on and 

off using the LabVIEW implementation. Fig. 2 (a) shows a schematic of the meniscus observed with the microscope 

at an arbitrary time 𝑡 = 𝑡0, while Fig. 2 (b) shows the meniscus displaced by ∆x due to the evaporation of the fluid

after a period of time Δ𝑡 has passed. The microscope is used as a reference for observing the movement of the 

meniscus and determine when the displacement reaches the target ∆x since the start of a speckle recording session. 

Fig. 2. Schematic drawing of the liquid/air interface meniscus inside the sensing fiber as observed under the microscope: at an arbitrary time 𝑡 =
𝑡0 (a); at a time 𝑡′ = 𝑡0 + Δ𝑡 in which Δ𝑡 is the time interval for the meniscus to move ∆x µm to the left.

(a) 

(a) 

(b) 

(b) 
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The speckle is recorded using a free video capture software application at 15 fps, 800600 pixels resolution, by 

the webcam as it shifts due to the change of the air filling fraction in the sensing fiber as the liquid evaporate. 

3. Results and Discussion

First it is important to compare the temporal evolution of the ZNCC for a capillary filled with air and one filled with 

fluid, to determine if the presence of an evaporating liquid changes the behavior of the ZNCC curve. This 

comparison is shown in Fig. 3 (a). Without the liquid filling ZNCC is very stable and remains very close to 1. The 

general behavior of ZNCC in relation to the displacement of the liquid/air interface can be observed by plotting both 

ZNCC and Displacement over time in the same graphic. This is shown in Fig. 3 (b) for a ∆x of 40 µm over 450 

seconds. ZNCC seems to vary fairly linearly over time with good correspondence to the observed displacement. 

Fig. 3. Comparison of the ZNCC curve over time for an air-filled capillary and a water filled capillary (a). Combined displacement and ZNCC 

data over time up to a maximum displacement of 40 µm (b). 

To determine if the behavior of ZNCC is stable over time eight more tests were performed in sequence. 

Displacement (∆x) values of 20, 30, 40 and 50 µm were selected for testing and two tests were recorded for each ∆x 

value to access the repeatability of the measurements. The results are presented in Fig. 4. 

Fig. 4. ZNCC over time data for liquid/air interface displacements up to 20 µm (a), 30 µm (b), 40 µm (c) and 50 µm (d). 
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Finally, by taking the average final ZNCC value for each set of tests in Fig. 4 it is possible to plot ZNCC as a 

function of ∆x (Fig. 5). 

Fig. 5. Average Final ZNCC as a function of displacement. Dashed lines are data fittings for the dynamic ranges of 20-30 µm and 30-50 µm. 

To better access the non-linear data in Fig. 5 the data was divided in two linear dynamic ranges. For the 20-30 

µm range the sensitivity is -3.2510-3 µm-1 and resolution 1.54 µm considering a minimum detectable ∆ZNCC of 

510-3, while for the 30-50 µm range the sensitivity is -1.3410-3 µm-1 and resolution 3.73 µm. There is a clear 

relationship between the change of ZNCC over time and the displacement of the air/liquid interface due to 

evaporation, which strongly suggests that the mechanism of multimodal interferometry inside the sensing capillary 

walls can be exploited for the purposes detailed in this work. Displacement information can be fed into a 

mathematical model for evaporation in a capillary as a mean to quickly evaluate many properties of the filling liquid 

such as viscosity and effective diffusivity. 

Further investigation is needed to improve the linearity of the sensor to capitalize on the higher sensitivity 

observed in the 20-30 µm range. We believe that the deviation from linearity observed between individual tests and 

the Average Final ZNCC can be reduced by minimizing the temporal drift of the room temperature and relative 

humidity. While during an individual test temperature and relative humidity shifts were typically lower than 0.3 ºC 

and 5%, over the spam of all tests reported in Fig. 5 temperature and humidity drifted in excess of 4 ºC and 25%. 

Single measurements for practical applications are rather quick (2 to 7 minutes depending on ∆x), so no significant 

thermal noise due to temperature fluctuations is expected under reasonable operating conditions. 

Changes in temperature produce small deviations of the refractive indexes of the glass walls and filler fluid 

through the thermo-optic effect, modifying the index contrast between the core and the cladding of the capillary-like 

fiber [10]. Not only the number of propagating modes is directly related to the refractive index contrast [11], each 

propagating mode experiences a slightly different effective refractive index that is also affected by the thermo-

optical effect, leading to a change in the phase delay between propagating modes [11]. The combination of these 

temperature-induced effects result in a shift in the output speckle pattern that is superposed to the evaporation signal. 

The effects of relative humidity fluctuations are not as direct. Ideally the relative humidity value only affects 

the evaporation rate of the water filling, making tests slightly longer or shorter, but in the presence of non-constant 

temperature increased testing times may aggravate the long-term thermo-optical noise described in the previous 

paragraphs. 

4. Conclusion

A capillary-like fiber specklegram sensor capable of monitoring evaporation of a filling liquid was demonstrated. 

The sensor presents maximum sensitivity and resolution of -3.2510-3 µm-1 and 1.54 µm, respectively, for the 20 µm 

≤ ∆x ≤ 30 µm range. A non-linear response was observed when seemingly linear data from multiple test was 

compiled, warranting further investigation on external disturbances (temperature related effects in particular). Future 

improvements to this research includes investigating the behavior of the evaporation signal produced by filling 

liquids with faster or slower evaporation rates, investigating the evaporation signal for filling liquids with refractive 

index higher than glass (light guided in the liquid core as opposed to in the glass walls), and revising sensor design 

for enhanced sensitivity by introducing microstructures in order to increase the interaction between the propagating 

light and the filling fluid. 
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Abstract: Efficient current collection and monitoring railway current-collecting pantographs is 

one of the key challenges for railway sector in electrical train operation. Fibre Bragg grating 

(FBG) sensors integrated into a pantograph are used to provide accurate contact force and contact 

location measurements at the crucial pantograph-overhead line (OHL) interface. Data collected 

during field trials are reported in the paper.  

1. Introduction

Fibre Bragg Grating (FBG) based optical sensors are very important as key sensing elements for the measurement of 

strain, temperature, and a wide range of other parameters in many industrial and field applications, and their use has 

significantly increased over the last decade [1].  Their intrinsic immunity to electromagnetic interference, ease of 

multiplexing, small size and light weight have often made them more suitable than their electrical counterparts for 

measurements under harsh and indeed extreme conditions [2].  The application described in this paper is one such 

extreme condition, involving the integration of number of FBGs into a railway current-collecting pantograph for 

remote condition monitoring.  Under normal use a railway pantograph is exposed to all-weather conditions, with the 

overhead line at 25,000 Volts during train operation, at high speeds of up to 350 km/h.  The immunity of optical 

fibre based sensors to such high voltages and their ruggedness and lightness in use in situ in a pantograph enable 

them to be used in this monitoring situation where electrical sensors have not been shown suitable [3].   

An important consideration when using FBG-based techniques either in laboratory-controlled environment or 

field applications is providing compensation for the well-known cross-sensitivity to both strain and temperature [2]. 

There are number of techniques that have been applied to compensate for the temperature effect when strain is being 

monitored, such as the use of two single FBGs in separate fibres [3], FBG sensors packaged in aluminum boxes 

instrumented on the carbon strips [4] and the integration of FBG sensors between the carbon and the aluminum parts 

of the pantograph, as reported by Schroder et al [5].  All the techniques reported add complexity to the whole system 

by using additional hardware and are based on the erroneous assumption that the temperature is uniform under 

operational conditions along the carbon strip.  The consequence of this is a limitation on their use in the field and 

critically in real time train operation.  The successful temperature compensation mechanism demonstrated in a 

previous paper by some of the authors [6] has enabled on-going field testing on railway tracks across the UK. 

2. FBG-based sensor system integrated in railway pantograph

The sensor system design reported in previous work [6] has been used for in situ pantograph instrumentation, giving 

confidence that this design can provide accurate real-time, simultaneous measurement of both contact force and 

contact location during train operation, and at various train operational speeds.   

Figure 1 shows the optical setup used in this work, this being essentially similar to what was reported in our 

previous work [6].  Here nine FBGs have been integrated into each carbon strip, using a package-based design 

which enables the data from the sensors to be captured by a commercial FBG interrogator, prior to processing of the 

data from the individual sensors using an appropriate algorithm built in the software developed to achieve the 

required information.  Three FBG-based sensor packages are integrated, at three different locations, into each carbon 

strip of the pantograph, as indicated in Figure 2(b), to achieve simultaneous measurement of contact force and 

contact location, coupled with temperature compensation.   
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Figure 1. Schematic of the FBG package-based design sensor system used in this work 

The train used for field testing was provided by Network Rail and is known as the High Output Plant System 

(HOPs).  Figure 2(a) shows a photograph of this HOPs train, with FBG sensor system-instrumented pantograph 

installed. 

Figure 2. High Output Plant System (HOPs) train with the FBG-based sensor system instrumented pantograph installed (a), 

detailed instrumentation and fiber routing (b) 

The HOPs train, equipped with the FBG-based sensor system instrumentation has been used on the part of UK 

network, between two stations, to verify the operation of the sensor system designed. The data obtained show that 

the measured static contact force at the beginning of the run was 107 N, while the maximum train speed during that 

run was 60 mph (96 km/h) and the distance travelled was 12.4 miles (19.9 km). During this run, two railway 

switches or turnouts were tested and evaluated.  

3. Contact force and contact location measurement during train operation

Figure 3 shows overall the data obtained from the instrumented pantograph system, indicating the contact force 

measured for this ~20 km journey, as well as change of the speed during the field test, as well as the overall distance 

travelled. 

Once the static force is applied to the pantograph pan-head when in use, the fully temperature-compensated 

contact force was measured, combining data from each of FBGs forming each of the three sensor packages. The 

contact force measured by each three-FBG package, is linearly proportional to its distance from the centre position 

of the package to the location of the applied force where the pan-head touches the overhead wire.  For example, 

when the contact force is applied directly above the left-hand package, the maximum force will be the force 

measured by the left package.  The measurement of force made by the other two packages will be linearly reduced 
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moving towards the right sensor package.  Knowing precisely the locations of each package as fitted to the pan-head 

allows a simple calculation to be made of the location of the maximum force applied corresponding to the position 

of the pan-head on the overhead wire.  Prior to their use on the train itself, the pan-head with the FBG-based sensor 

packages incorporated has been calibrated in the laboratory environment, using accurately known values of strains 

achieved using known weights being applied.  The calibration coefficients thus obtained are then used to create the 

algorithm to allow the contact force and location measurements, reported in both Figure 3 and Figure 4, to be 

obtained.  

Figure 3. Contact force measured using the FBG-based sensor system integrated into the railway pantograph 

Figure 3 shows the data obtained on the contact location (or so called ‘horizontal stagger’) data, collected using 

the instrumented pantograph during this trial.  This allows the lateral movement of the over-head line in relation to 

pantograph pan head to be monitored.  Knowing the location of the wire, with respect to the pantograph is necessary 

to avoid incidents that can occur when the contact wire goes ‘out of the range’ (which is within 40 cm of the middle 

of the pantograph).  

Figure 4. ‘Horizontal stagger’ measurement data obtained using the FBG-based sensor system developed 

As discussed previously, the detection of high peak (over 200 N) forces and low peak (under 50 N) forces is 

important in order to ensure both a longer lifetime of the carbon strips, as well as to provide optimal current 

collection and therefore reduce the cost of strip replacement and the train being out of service.  Figure 5 shows the 

Proceedings of the Latin American Workshop on Optical Fiber Sensors, Rio de Janeiro (Brazil), 2019 133

Copyright SBMO 2019



range of peak forces detected during the train operation – including the high and low forces experienced – while 

going through one of the ‘turnouts’ on the route (where the train speed was approximately 20 mph (36 km/h)).  

Figure 5. Railway ‘turnout’ examination showing the high and low peak forces experienced 

The highest peak force measured was 233 N, at the beginning of the turnout section on the route, with the 

lowest peak force seen at the end of this part of the infrastructure, as is evident from Figure 5.  This figure represents 

a snapshot of a short period of measurement, showing a detail taken from Figure 3.  The design contact force that 

should be maintained during the electrified train operation is ~90 N, this allowing a longer lifetime of both the pan-

head and the associated infrastructure.  However, the contact force set for this run was 107 N, this being slightly 

higher than the nominal 90N due to the speed limitation of the HOPs train.  The high peak force normally indicates 

that there is potential defect on the network – one that could cause damage to the pantograph and thus significantly 

reduce its service lifetime.  Equally, a low peak force (under 50 N) is also problematic in that it causes arcing in 

electrified train operation, a phenomenon that also leads to a shortened life time of the pantograph and inefficient 

current collection.  This arcing also causes interference to traction power and signaling systems, with consequences 

for both safety and train scheduling and punctuality.  As a result, setting and maintaining the desired contact force 

between the pan-head and the overhead wire is important and this new sensor system provides an effective means to 

do that in routine operation.  

4. Conclusions

This paper has reported the successful use of a new type of fibre optic instrumented pantograph in actual train 

operation and a stream of data collected in-the-field.  The tests done have shown that accurate contact force and 

contact location measurements, up to a maximum train speed of 60 mph (96 km/h) have been obtained and are 

valuable to show issues with the train operation.  The positive outcomes obtained from these field trials carried out 

have confirmed that the sensor design created for this application is highly effective and well suited to successful 

remote condition monitoring of the critically important pantograph-OHL interface.  The research and system design 

work is still on-going, with plans for more sensors to be added to the pantograph to ensure successful 

implementation of a condition-based maintenance (CBM) system which will be far more efficient and cost effective 

than the traditional maintenance approach used.   
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Abstract: This paper presents metrological characterization of an optical current 

transducer solution for high voltage current transformers on-site calibration. In 

metrological evaluation, from 150 A to 1700 A, ratio errors were between ± 0.1% 

and phase errors were between ± 5'. Although the good results, some strategies are 

suggested for uncertainty improvement in field application. 

1. Introduction

Instrument transformers [1] play important role in high voltage electrical power measurement 

systems, as they accurately step down voltage and current levels for measurement, protection and 

other purposes. Different accuracy classes instrument transformers are used, depending on their 

aplications. For example, current and voltage transformers with 0.3% accuracy are used in billing 

measurement systems, as well as 0.6% accuracy transformers are used for supervisory and control 

measurements [1, 2].  

Due to the heavy and large instrument transformers involved, their calibrations have to be 

preferably performed on site, using standards based on some sensors technologies, as optical 

sensors and Rogowski coils [3,4]. In the case of current transformers (CTs) calibration, optical 

current sensors bring the significant advantages that they are non-conductive and lightweight, 

which can allow for much simpler insulation and mounting designs. 

The calibration system presented in this paper is based on an optical current transducer (OCT). The 

sensor is fitted with a flexible fiber optic cable that is connected directly to the live line up to 550 

kV. The system performance obtained in laboratory and field application results are presented. 

2. Onsite CT Calibration System

The complete CT calibration system is divided in two parts: Optical current transducer (OCT) – 

Electronics and optical sensor (Figure 1a), and power system comparator (Fig. 1b). The OCT is the 

NXCT-F3 from NXTPHASE (now GE Grid): it is based on the magneto-optic Faraday Effect. The 

NXCT uses the in-line Sagnac design shown in Fig. 2 and is described in detail in J. Blake, et. al., 

[5], [6]. These interferometric Sagnac sensors are stabilized with a phase modulator. The phase 

modulator allows the sensor to heterodyne the signal away from low frequency noise during the 

signal processing. The modulator also allows the interrogation of the sensor response function, 

which contains information about the health of the optical path and the impact of the optical path on 

the sensor scale factor [7]. The sensor has a flexible fiber optic cable that is wrapped around the 

conductor where the current measurement is desired. Its accuracy is 0,1% according to 

manufacturer’s specification, and the output is a configurable current signal. The power system 

comparator is the Arbiter 933A and it is responsible for current comparison. Also, a clamp meter 

should be used to measure the CT under calibration current output. Fig. 3 shows the measurement 

diagram for the CT calibration system. 
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Fig. 1: Complete CT calibration system: (a) OCT: Electronics and optical sensor and (b) power system comparator. 

Fig. 2: schematic of the NXCT [7] 

Fig. 3: CT calibration system measurement diagram. 

(a) 

(b) 
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3. Laboratory Testing

After some insulation tests performed at a high voltage laboratory, the OCT was calibrated at a 

metrology laboratory, using a reference standard, Tettex type 4764. Figure 4 shows calibration 

results for ratio and phase measurements, for test currents from 150 A up to 1700 A. As it can be 

seen, ratio errors lied between ±0.1% while phase errors were between ±5'. These results comply 

with a classe 0.3 CT. Figure 5 shows a OCT 5-day short-term stability evaluation, for some current 

amplitudes. 

Fig. 4: OCT calibration results. 

Fig. 5: OCT short-term stability evaluation 

4. Field Application

The CT calibration system was applied on two HV substations, in Belém, northern Brazil. Table 1 

shows the uncertainty budget for the CT ratio calibration results [8]. 

Table 1: Uncertainty budget for CT ratio calibration 

Quantity (Xi) 
Probability 

Distribution 

Contribution to 

the standard 

uncertainty (%) 

ui(y) 

NXCT-F3 manufacturer’s specification Rectangular 0.05 

NXCT-F3 calibration Normal 0.015 

Clamp meter manufacturer’s specification Rectangular 0.5 

933A comparator manufacturer’s specification (input VAN) Rectangular >1 

933A comparator (input VAN) + clamp meter calibration Normal 0.02 

933A comparator manufacturer’s specification (input IA) Rectangular 0.025 

933A comparator (input IA) calibration Normal 0.015 

933A comparator readings repeatability Normal <0.01 

Standard uncertatinty (1) >1,1 
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As it can be seen in Table 1, measurement uncertainty is not adequate for 0.3 or 0.6 class CTs 

calibration. The main contributions to the standard uncertainty do not come from the OCT but are 

due to clamp meter and comparator manufacturer’s specifications. Thus, some strategies can be used 

to obtain lower uncertainty: (1) Calibrate the clamp meter and the comparator twice, just before and 

just after their utilization on site; (2) use a current shunt instead of a clamp meter (limited by the 

power system architecture); and (3) Calibrate the optical current sensor twice, just before and just 

after their utilization on site. In cases (1) and (3), uncertainty due to manufacturer’s specification can 

be replaced by instruments short-term stability and the temperature dependence. Morever, other 

significant influences should be considered. 

5. Conclusion

This paper demonstrated metrological characterization and evaluation of an on-site calibration 

system of current transformers that used an optical current transducer (OCT). Metrology laboratory 

calibration of the OCT presented ratio errors between ±0.1% while phase errors lied between ±5'. 

The complete calibration system has large uncertainty considering classes 0.3 and 0.6 CTs 

calibration, not due to the OCT but due to the other components of the calibration system. Some 

strategies were proposed for uncertainty improvement. 
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Abstract: We analyze the influence of coupling to symmetric and asymmetric cladding modes in 

arc-induced Long-Period Fiber Gratings for temperature and strain sensing. The origin of this 

difference in energy coupling is related to the fabrication process of these gratings and depends on 

the electric arc discharge conditions, which modulates the refractive index and geometry of the 

optical fiber. Finally, results demonstrate the performance of different cladding modes excited in 

arc-induced LPFGs to temperature and strain applications and, in addition, indicate which coupling 

might be appropriate to certain sensing applications.  

1. Introduction

Long Period Fiber Gratings (LPFGs) are optical devices extremely versatile in sensing applications [1,2]. Normally, 

these devices are based upon the periodic perturbation of the refractive index and geometry of the optical fiber, which 

usually is of the order of hundreds of micrometers [3]. Furthermore, the energy from the fundamental core mode 

couples to different co-propagating cladding modes and, therefore, the transmission spectrum of the LPFG contains 

different resonance peaks. Each energy coupling is located at a specific resonance wavelength (λi) and satisfies the 

phase-matching condition [3]: 

�� = ���� − ��,�
���                                                                                                                                                   (1)

where Λ is the period of the grating, ��� and ��,�
�� are the effective refractive indices of the fundamental core and

cladding modes, respectively. For the specific case of LPFGs based solely upon electric arc discharges, it was 

demonstrated that LPFGs could promote energy coupling to cladding modes of different symmetries and, in addition, 

some authors discussed on the conditions leading to symmetric and asymmetric energy coupling [5,6]. Rego [4] 

reported a particular LPFG fabrication setup, where the arc discharge is directional, to produced gratings considering 

Ge-doped fibers such as the SMF-28 from Corning with coupling to asymmetric cladding modes. Recently, Yin [7] 

also reported the asymmetry of cladding modes involved in the coupling mechanism by developing an automatic arc 

discharge technology using a commercial fusion splicer system to inscribe LPFGs. On the other hand, some authors 

reported arc-induced LPFGs in conventional silica fiber with energy coupling to symmetric cladding modes using 

commercial fusion splicer machines [8] or by developing their own fabrication setup [9]. Therefore, the investigation 

of the influence of different mode symmetry involved in LPFGs is important for sensing applications. 

In this work, we report a comparative study of LPFGs with energy coupling to symmetric and asymmetric cladding 

modes in order to investigate the impact of different energy coupling on the sensor performance for temperature and 

strain measurements. Therefore, the results of the study may be of impact on the prospects of tailoring the projects of 

grating sensors. 

2. Methodology

We made LPFGs with period of 470 µm and different arc discharge power, which allowed us to observe energy 

coupling to symmetric and asymmetric cladding modes. In order to observe energy coupling to symmetric cladding 

modes, we produced LPFGs with low arc power of 30 bits (manufacturer unit) and exposure time of 500 ms. Therefore, 

it was possible to observe coupling into the first four circularly symmetric cladding modes (LP02-LP05). On the other 

hand, to observe asymmetric mode excitation, we produced LPFGs with higher arc power discharge, for example, 

electric arc discharges of 100 bits and duration of 500 ms. Thus, it was possible to observe energy coupling to the 

LP11-LP14 cladding modes. Figure 1 shows the transmitted spectra, which is observed using a broadband light source, 

of two arc-induced gratings fabricated with the same grating period, however, with different cladding modes excited. 

In order to identify the cladding modes of resonant wavelengths observed in Fig. 1, we have simulated the phase-
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matching curves for the produced arc-induced LPFGs. In our simulations, we have used the modified phase matching 

condition, which allow us to identify the resonance wavelengths with an error lower than 0.1% [10]: 

������ + �����,����� − ������� + �����,������ = ���
�  (2) 

where ��� and ���  are the propagation constants of the core and the jth cladding modes, respectively. Λ is the period

of the grating, ���,�� and ���,�� are the self-coupling coefficients of the core and the jth cladding modes, respectively.

Finally, �� is the coefficient of the first Fourier component of the grating and N is the diffraction order. It is important

to mention that for the asymmetric energy coupling analysis, (LP1j; j ≥ 1) modes must be considered. Therefore, the 

propagation constants ���  and self-coupling coefficients ���,��  of these cladding modes must be considered in (2). We

have considered the refractive index of the optical fiber as stated in Corning SMF-28 specifications, refractive index 

difference of ∆n = 0.0036 and core and cladding diameter of 8.2 µm and 125 µm, respectively. Furthermore, we have 

considered an increase in the cladding refractive index induced by the electric arc discharges to optimize the results 

[10]. The phase-matching curves in Fig. 2 illustrate the dependence between the grating modulation period and the 

resonant wavelengths of the different cladding modes and the black dots correspond to the experimental data from the 

produced LPFGs with Λ = 470 µm. Therefore, the phase-matching curves in Fig. 2(a) confirm that the symmetric 

transmission spectrum observed in Fig. 1 contains the attenuation dips corresponding to the LP02-LP05 modes. Whereas 

the phase-matching curves in Fig. 2(b) identify the four attenuation dips observed in the asymmetric spectrum in Fig. 

1, correspond to the energy coupling of the fundamental core mode to asymmetric cladding modes. 
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3. Results

To investigate the characteristics of the cladding modes of the LPFG, observed in Fig. 2, we interrogated different 

modes for temperature and strain-sensing applications, as shown in Figs. 3-6.The characterization of the spectral 

response of the LPFGs to external perturbations of temperature and strain variations are responsible for removing the 

resonance condition to different wavelengths. Initially, the LP02, LP03, LP04 and LP05 modes were located at 1467, 

1503, 1576 and 1716 nm in the optical spectrum, respectively. Whereas, the modes LP11, LP12, LP13 and LP14 were 

located at 1470, 1496, 1553 and 1664 nm, respectively. Thus, it is possible to estimate sensitivity coefficients for each 

mode under investigation, which are defined by the slope of the fitted curve of the results for temperature and strain 

measurements.  

The values of temperature and strain sensitivity of each mode were estimated as linear coefficients through a fitting 

process of the results considering the LPFGs response varying from 25 to 100 °C and to strain ranging from 0 to 2000 

µε. We can observe in Figs. 3 and 4 that the resonance wavelength of both symmetric and asymmetric cladding modes 

shift continuously in the direction of higher wavelengths of the spectrum as the temperature increases. On the other 

hand, for strain measurements, the resonance wavelength of both symmetric and asymmetric modes shifted towards 

shorter wavelengths of the spectrum as strain increased, as seen in Figs. 5 and 6. 

Moreover, we can note that asymmetric cladding modes are more sensitive to external perturbations, such as 

temperature and strain, than the symmetric modes. For example, the asymmetric mode LP14 showed a temperature 

sensitivity of 0.43304 nm/°C, which is higher than the resulting sensitivity of 0.32036 nm/°C of the LP04 symmetric 

mode. A similar behavior can be observed during the strain analysis and thus, we note that the asymmetric modes are 

more sensitive to strain variations than the symmetric cladding modes. This behavior is confirmed by contrasting the 

strain sensitivity of the LP14 mode of 0.00545 nm/µε against the sensitivity of the LP04 mode of 0.00433 nm/µε. 

Finally, it is worth noting that the higher sensitivity to temperature and strain observed in asymmetric cladding modes 

could be mainly attributed to the modal field distribution of these cladding modes inside the optical fiber.  
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4. Conclusion

We reported a comparative study between arc-induced LPFGs with energy coupling to symmetric and asymmetric 

cladding modes. LPFGs fabricated with higher arc power excites asymmetric modes, which are more sensitive to 

external perturbations such as temperature and strain. Furthermore, it is possible to obtain gratings with strong energy 

coupling with reduced grating period number and, therefore, allowing the fabrication of shorter gratings. The results 

of the study may be of impact on the prospects of tailoring the projects of grating sensors. 
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Abstract: This paper presents the results from an assessment of dynamic force inertial 
compensation, obtained using two Fibre Bragg Grating (FBG)-based accelerometers 
integrated into a railway current-collecting pantograph, allowing more accurate 
measurement of contact force and contact location are presented.  In the tests carried out, 
a high level of transfer function accuracy in the monitoring of dynamic contact force was 
achieved. 

1. Introduction

The pantograph is the familiar power collection device in electrified train systems across the world. In a 
moving electric train, the contact force between the pantograph and the overhead wire needs to be kept 
stable to ensure minimal losses, limiting ‘wear and tear’ and offering a reduced risk of disruption of the 
current collection by the electric vehicle [1]. Due to the high voltage (typically 25kV) environment of the 
overhead line, measuring systems based on conventional electronic techniques have shown some 
limitations from, for example, the added mass of the sensor system and added wind resistance, in spite of 
efforts to add the electrical isolation needed. 

Fibre Bragg Grating (FBG)-based optical sensors have attracted considerable interest to create better 
sensing systems for the measurement of strain, temperature, and a wide range of other parameters, in situ, 
in a number of industrial applications [2, 3]. The advantages of immunity to electromagnetic interference, 
the ease of multiplexing, the small size and their lightness have made them well-suited for measurements 
under a range of harsh and often extreme conditions. A number of researchers have investigated the 
application of FBG-based sensor systems into a railway pantograph to allow remote condition monitoring 
[4 –10]. Previous work has been reported showing the performance of an FBG-based accelerometer on a 
pantograph panhead [11], however, the transfer function test of inertial compensation through the 
integration of a system of FBG-based strain sensors and accelerometers has not yet been successfully 
demonstrated. 
In this work, test results on transfer function of active inertial compensation, using a FBG-based 
accelerometer are reported. The results indicate that an optical fibre based dynamic contact force 
measurement can be made with high transfer function accuracy (in this case achieving 96% averaged 
accuracy) when compared with an uncompensated system over the frequency range from 10Hz–20Hz.  

2. Theoretical background

Figure 1. Typical structure of a pantograph, with schematic illustration of forces experienced in use.
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Figure 1 shows the structure of a typical pantograph, illustrating the forces on the carbon strip which is 
combined with the aluminum case. The contact force, Fcontact, between the overhead wire and pantograph 
combines the following components: the static force, Fstatic, the inertial force, Finertial and the 
aerodynamic force, Faerodynamic, as follows in equation (1) [12] 

𝐹!"#$%!$ = 𝐹&$%$'! + 𝐹'#()$'%* + 𝐹%()"+,#%-'!      (1) 

The static force can be measured by using a FBG-based strain sensor, using a design discussed in a 
previous paper [9]; the aerodynamic force is speed-related and can be measured by using a flowmeter. 
The inertial force can best be measured by the use of accelerometers and here a new fibre optic based 
design is proposed and its performance discussed as equation (2) 

𝐹'#()$'%* =
-./012
3.

∑ 𝑎&(#&"),'
3.
'56         (2) 

Where the 𝑎&(#&"),' is the measured accelerometer at sensor i, 𝑘% is the number of acceleration sensors, 
and 𝑚%7"8( is the mass of panhead located above the force sensors. 

3. Experimental set up and results of the system evaluation

Figure 2 illustrates the experimental setup used in the laboratory to investigate the inertial compensation 
of the pantograph. The test facility comprises a large frame on which the pantograph is mounted, with an 
electrical shaker fitted above the pantograph to provide a variable vibration signal. The shaker is 
connected to a signal generator to allow a known, but variable frequency vibration to be applied to the 
pantograph. The panhead with two accelerometers mounted on it is lifted to make contact with the 
shaker using compressed air from a compressor, creating typically a 90N static contact force between 
the shaker and the panhead. 

Figure 2. Experiment setup for the inertial compensation tests carried out showing the pantograph panhead (with FBG-based strain 
sensors), the shaker and the FBG-based accelerometer. 

The optical FBG-based strain sensors and accelerometers (diaphragm structure) used in this work are 
connected to a high speed FBG interrogator (Hyperion si155 from Micron Optics; sampling rate 1kHz). 
The optical and electronic sensing system thus set up is connected to a high performance PC for data 
acquisition and its analysis . 
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The experimental investigation carried out comprises the following steps. Initially, the shaker was 
moved to the center of the panhead, which was lifted to contact with the shaker to offer a 90N static 
force. The shaker was then activated using a sinusoidal periodic signal, lasting for 30s, following which 
the frequency was increased in 1Hz steps from 10Hz to 20Hz and for each step, the data obtained were 
recorded and analyzed. 
The measured contact force are calculated by following equation: 

𝐹-(%&9)(+ = 𝐹&$%$'! +
-./012
3.

∑ 𝑎&(#&"),'
3.
'56      (3) 

The static force was measured by using FBG-based strain sensors array with temperature compensation 
built in, using the design discussed in a previous paper [9]. The accelerations 𝑎&(#&"),' were obtained by 
the FBG based accelerometers on both side of the panhead. 
The accuracy of the transfer function shall be calculated by using following formula [12]: 

𝐴 = )1 − 6
(;<=;>)

∑ )(𝑓'@6 − 𝑓') /1 −
AB2.CDE2F
A.GGHI2F

01#=6
'56 1 ∙ 100%     (4) 

where 𝐴 is the measured accuracy of the transfer function, 𝑓 is the frequency, 𝐹-(%&9)(+ and 𝐹%JJ*'(+ are 
the measured and applied contact force, respectively. 
Figure 3(a) shows a graph of the applied dynamic excitation contact force, the measured uncompensated 
dynamic contact force (using the FBG-based strain sensors) and the inertial compensated dynamic 
contact force (measured by use of the strain sensors and accelerometers based on FBGs). Figure 3(b) 
shows the achieved measurement accuracies, before and after the inertial compensation is applied. 

Figure 3. Comparison of (a) RMS of the measured dynamic contact force and (b) the accuracy achieved before and after inertial 
compensation, over the frequency range from 10Hz to 20Hz. 

From the results obtained, it can be seen that the accuracy of the measurement of the total contact force 
has been improved through the application of inertial compensation. The results show that the accuracy 
of the transfer function of the measured contact force before the inertial compensation was applied was 
~92.5% and the transfer function accuracy after the inertial compensation increases to ~96.3%, which 
shows a ~ 4 percentage point increase in the accuracy of the transfer function. From Fig. 3(b) we can see 
the inertia force varies with the frequency change which is small compare with the static force, as the 
applied dynamic force is ~10% percent of the static one. However during the real train operation, there 
are shock vibrations causing acceleration as large as 20g, when the inertia force should not be neglected.  

4. Conclusion
An inertial compensation approach, based on the use of FBG-based accelerometers mounted on both 
sides of the pantograph panhead is reported, using test frequencies covering the range 10-20Hz. High 
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quality contact force measurement results have been achieved, showing a ~ 4 percentage point 
improvement in the transfer function accuracy achieved. The results show the potential of this optical 
fibre based sensing technique to be directly applied to many electrified railway systems, in that way 
allowing better real-time monitoring of this important parameter. 
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Abstract: This paper presents the development of a refractive index (RI) sensing methodology for 

measuring CO2 concentration in environments considering the temperature effect. We propose and 

demonstrate the modulated tapered Long Period Gratings to enhance the RI sensitivity of the 

sensor. The results showed that the CO2 measurement considering the temperature cross-

sensitivity effect can be reliable. 

1. Introduction

Carbon dioxide (CO2) monitoring techniques based on optical fiber sensors have acquired growing importance in 

the field of sensor technologies [1-2]. These devices are lightweight, immune to electromagnetic interferences 

(EMI) and resistant to harsh environments [3], which are key features required for gas detection systems. 

Therefore, several researchers have proposed and demonstrated different applications using optical fiber sensors to 

detect gaseous species [4-5]. Among the different types of optical fiber sensors, Long Period Gratings (LPGs) have 

been widely used for the measurement of the external refractive index [6]. 

LPGs consist of a periodic modulation along the core of an optical fiber, which usually has a period of 

modulation ranging from tens to hundreds of micrometers. Furthermore, these devices promote the coupling of the 

co-propagating fundamental guided mode and the cladding modes according to the phase-matching condition, 

which results in a series of attenuation peaks in the transmission spectrum. The phase-matching condition is given 

by the expression [7]: 

λ
m  ( n 

01
eff, core -  n 

0
 
m
eff,clad )

Λ

  (1) 

Where λm is the resonant wavelength of the mth-order cladding mode, n01
eff,core and n0m

eff,clad are the effective 

refractive indices of the fundamental core mode and the mth-order cladding mode, respectively, and Λ is the period 

of the grating. Therefore, the raise of the external refractive index is responsible for shifting the wavelength 

condition to shorter wavelengths in the optical spectrum [8-9]. In this context, the presence of CO2 in certain 

environments is rather difficult to identify due to its low refractive index. In this paper, we use a tapered LPG to 

enhance the refractive index sensitivity of the sensor in order to monitor different CO2 concentrations. Moreover, 

the proposed method was based on the interrogation of two different cladding modes to perform a dual-peak 

resonant wavelength detection and allow the CO2 sensing under the effect of cross-sensitivity arising from the 

temperature effect on the grating sensor. 

2. Methodology

In order to analyze the concentration of CO2 in the environment, it was used a tapered LPG sensor to monitor the 

refractive index variation. The taper effect modified a commercial single-mode fiber (SMF-28) in its period and 

both core and cladding radius. These modifications allow us to improve the response of the LPG to external 

refractive index variations and, therefore, to different CO2 concentrations. Furthermore, it was adopted core and 

cladding radius of approximately 88% of their original values. 

2.1. Fiber Tapering 

The fiber tapering process occurs in practice by stretching and heating the optical fiber, which results in an 

enhanced evanescent field of the guided light and produces an LPG more sensitive to external influences [4]. After 

heated and stretched, the fiber will be composed of three regions: the central region or taper waist, the transition 

region and the region of the fiber with no alterations. We focused on the central region to produce the LPG. 
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Furthermore, the parameters of the fiber were described in Table 1 and the transmission spectrum of the produced 

LPG was showed in Fig. 1. 

Table 1. LPG specifications. 

LPG parameters Core Cladding 
Radius 3.652 μm 51.348 μm 

Refractive Index 1.44947 1.44411 

Period 590 µm 
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Fig. 1. Transmission spectrum of the LPG sensor. 

3. Measurements

Firstly, the response of the long period grating was analyzed considering variations of the external refractive index 

(RI) and temperature individually. Then, it was investigated the response of the LPG sensor under the effects of the 

RI changes and temperature variations at the same time, therefore, taking into account the cross-sensitivity effect. 

In order to do this, it was characterized the LPG with respect to the external refractive index of the surrounding 

medium, which could be correlated to concentrations of CO2 varying from 0-50%. However, this substance has a 

very low refractive index, so as discussed in [1] and [10], in order to identify the CO2 presence, it is necessary to 

enhance the sensor’s sensitivity by coating the original sensor with a CO2 sensitive layer resulting in higher values 

of external refractive index, as represented in Table 2. 

Moreover, the effect of the temperature cross-sensitivity was analyzed within the ranging from 22ºC to 27ºC 

(this range was chosen as a function of ambient temperature). Because of these perturbations on the LPG sensor, 

the wavelengths of two attenuation dips of the LPG shifted to different wavelengths. Thus, several measurements 

of the wavelength shift were performed to estimate when temperature and CO2 concentration changes occurred. 

Table 2. Refractive index relation for different CO2 concentrations. 

CO2 [%] Sensitivity - Refractive Index (RI) 

0 1.3558 

10 1.3567 

20 1.3570 

30 1.3571 

40 1.3572 

50 1.3573 

3.1. CO2 Sensitivity 

Here, it is shown the influence of the surrounding refractive index over the LPG sensor by focusing on the 

second attenuation dip of the transmission spectrum. Thus, the LPG was tested for the characterization of the 
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refractive index by placing it into different refractive indices of the external environment, ranging from 1 to 1.4, as 

the evidence of the applicability of this sensor for measurement of the CO2 concentration. With these data, it is 

possible to analyze the wavelength shift related to the refractive index for the second dip of the LPG, as shown in 

Fig. 2. 
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Fig. 2. Wavelength shift of the second attenuation dip of the LPG with respect to different refractive index values. 

 

3.2. Temperature Sensitivity 

It was also investigated the temperature effects on the LPG sensor in order to verify its effectiveness to measure 

temperature fluctuations of the external medium of the LPG. As mentioned before, the temperature ranged from 

22ºC to 27ºC and because of that, the refractive index of the external environment has kept constant. In Fig. 3. It is 

possible to indicate the wavelength shift of the two different attenuation dips under investigation. 
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Fig. 3. Wavelength versus temperature for the first and second dip simultaneously. 

 

3.3. CO2 and Temperature Cross-sensitivity 

In order to analyze the variations of CO2 and temperature simultaneously, it was proposed a dual-peak sensing 

method based on the measurement of the differences between the wavelengths of the two different attenuation 

dips. First, it was realized variations of the temperature (22ºC - 27ºC) and refractive index of the LPG. After that, it 

was measured the differences of the central wavelength of both dips showed in Fig. 1. 

Then, it was proposed mapping the differences of the central wavelength of the dips, which allow us to identify 

when the refractive index and the temperature acts on the sensor, the value of this index it is the CO2 concentration. 

The methodology could be explained by the value of the difference of the central wavelength of both dips. Then, it 
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is possible to estimate the temperature effect on the LPG by (2). This equation was obtained through the 

measurement of the differences between both dips when the temperature is changed.  

 
temperature  1,2951 * difference – 116,8517                              (2) 

Where difference is the difference between both dips.  

After that, by considering the temperature effect we can define the refractive index value through the equations 

also indicated in Table 3. These equations were obtained through the simulation and measurement of the 

differences between both dips of LPG tapered sensitive to the refractive index and the temperature. The refractive 

index can be obtained by the difference of both dips; using the equation (2) is possible to get the temperature. The 

values of the temperature and Table 3 indicate how is it possible to find the respective equation to determine the 

index. It is important to mention that the temperature values indicated in Table 3 specified some temperature 

values, although the temperature has been measured with a variation of 0.3 ºC in the ranging from 22ºC to 27ºC. 

For the equations indicated in Table 3, the x value is represented by the values of the refractive index and the y 

value is the difference of the wavelengths between the dips 

   

Table 3. Relation of the variation ranges of the differences between both dips as a function of temperature. 
 

∆λ (µm) (ranges) Temperature (ºC) Characteristic Equation 
107.21-107.24 22 y = - 18.39088 x + 132.17673 
107.97-107.99 23 y = -18.13681 x + 132.58936 

108.73-108.77 24 y = -18.46254 x + 133.79597 

109.04-109.08 24.4 y = -18.54723 x + 134.21938 

109.27-109.31 24.7 y = -18.28339 x + 134.09296 

109.5-109.54 25 y = -18.5993 x + 134.7541 

109.74-109.78 25.3 y = -18.95114 x + 135.46455 

109.97-110.1 25.6 y = -20.20847 x + 137.40479 

110.20-110.24 25.9 y = -19.25407 x + 136.34364 

110.44-110.48 26.2 y = -18.87948 x + 136.07072 

110.68-110.71 26.5 y = -18.70033 x + 136.06325 

110.91-110.95 26.8 y = -19.25081 x + 137.04687 

111.07-111.11 27 y = -21.06515 x + 139.6685 

 

4.  Conclusion 

In this article, it was proposed an investigation of the variation of the external refractive index of the fiber. Firstly, 

measurements of the refractive index and temperature separately were performed. Then, it was possible to combine 

the refractive index and temperature measurements in order to analyze the effects of the temperature 

simultaneously with the RI sensing. As a result, it was observed that the variations of the external environment and 

temperature influenced on the LPG wavelengths because it is sensitive to variations of gases like CO2. After that, a 

methodology was proposed to perform dual-peak interrogation of the LPG based on the difference between two 

different resonant wavelengths, obtaining the information in Table 3. Therefore, it is possible to obtain the 

refractive index and temperature value acting on the fiber.  

Although this paper focused on the measurement of CO2 concentration in the environment and on the influence 

of the temperature, future researches can perform a larger range of temperature or different concentrations of 

substances on the external environment. 
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