
INVITED PAPER 

Polymer optical fiber sensors in human life safety 

C. A. F. Marques1,2, D. J. Webb2, P. Andre3 

1 Instituto de Telecomunicações, I3N and Physics Department, University of Aveiro, Campus de 

Santiago, 3810-193 Aveiro, Portugal 

2 Aston Institute of Photonic Technologies, Aston University, Aston Triangle, Birmingham, B7 4ET, 

United Kingdom 

3 Instituto de Telecomunicações and Department of Electrical and Computer Engineering, Instituto 

Superior Técnico, University of Lisbon, 1049-001 Lisbon, Portugal 

*Corresponding author: cmarques@av.it.pt  

Abstract 

The current state of research into polymer optical fiber (POF) sensors linked to safety in human life is 

summarized in this paper. This topic is directly related with new solutions for civil aircraft, structural 

health monitoring, healthcare and biomedicine fields. In the last years, the properties of polymers have 

been explored to identify situations offering potential advantages over conventional silica fiber sensing 

technology, replacing, in some cases, problematic electronic technology used in these mentioned fields, 

where there are some issues to overcome. POFs could preferably replace their silica counterparts, with 

improved performance and biocompatibility. Finally, new developments are reported which use the 

unique properties of POF. 

 

1. Introduction 

Optical fiber sensors can be used for monitoring temperature, strain, deformation, refractive index and 

acceleration, among other physical quantities, with advantages over traditional electronic sensors. 

These sensors present significant advantages very well reported when compared with conventional 

electromechanical sensors (including piezoelectric transducers, capacitive and ultrasonic devices), 

especially for medical applications, structural health monitoring, healthcare, among others, due to its 

high accuracy; robustness; small size and light weight; electrical isolation, making them intrinsically safer 

than electronic sensors; immunity to electromagnetic interference; being also biocompatible and safe 

for the human.  

For sensing applications both silica optical fiber (SOF) and polymer optical fiber (POF) can be used. SOF 

sensors are the most studied and applied but POF sensors are emerging as a good alternative, mainly 

when high flexibility and robustness are required [1]. POF sensors received high attention recently due 

to their unique properties compared to the conventional SOF sensors [1]. Advantages such as higher 

flexibility in bending, biocompatibility [2], higher failure strain [3], higher fracture toughness, and lower 

production cost, are significant for many sensing applications. The lower Young’s modulus of POF [4] 

provides enhanced sensitivity to POF sensors when are used for strain [5], stress and force [6], pressure 

[7], and acoustic wave detection [8]. There are also some hydrophilic polymeric materials such as poly 

(methyl methacrylate) (PMMA) that can absorb water, enable them for humidity detection applications 

[9]. Also, some materials such as TOPAS (cyclic olefin copolymer (COC)) can offer insensitivity to water 
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which can be useful for biomedical applications [10,11]. The material properties of polymers can be 

chemically modified by adding other organic compounds to achieve specific desirable characteristics. An 

example is the perfluorinated POF, commercially known as CYTOP (amorphous fluoropolymer), which 

the carbon-hydrogen bonds have been replaced with carbon-fluorine bonds to reduce the fiber 

attenuation [12]. One of the drawbacks of POF is its viscoelastic nature. When cyclic loading is applied to 

the POF sensor, creep and hysteresis effects are introduced due to the strain and stress phase mismatch 

[3], which can alter the accuracy of the sensor reading. It is demonstrated that these effects can be 

reduced by applying thermal treatment in POF sensors [13].  

There is a myriad of applications where POF technology is used such as geophysical surveying and 

security [14,15], groundwater level monitoring [16], water detection in fuel [17], healthcare [18], 

optoacoustic endoscopic imaging [19], central arterial pressure monitoring [20], on-line remote 

dosimetry [21], structural health monitoring [22], decubitus prevention [23], among others. As we can 

observe, all these applications are closely related to human safety. 

 

2. POF materials 

In the last years, there was an exponential increasing of research using POF technology from its 

fabrication procedure to its characterization as a potential sensor for many real applications. Many 

types of material for POF fabrication were investigated in order to produce the best quality sensors for 

different requirements in sensing fields. To date, PMMA is the most used material in POF fabrication, 

although the use of some alternative plastics, such as CYTOP [12,24], TOPAS [10,11,25], and 

polycarbonate (PC) fibers [26] have recently been investigated. PMMA POFs [1, 3, 5-9,13,16-22, 27-31] 

present a response of the sensors dependent on both temperature and humidity [27-31]. This fact, 

together with the issue of high loss and low operating temperature, has been hindering the application 

of polymer sensors in key strain sensing and biosensing areas [32]. Although progress has been made 

towards reducing the influence of humidity on PMMA fibers by doping [33], the issue of humidity 

dependency was first solved with the fabrication of the first TOPAS mPOF in 2007 [34,35]. The significant 

polymer TOPAS belongs to the class of COCs, which is a class of optical thermoplastics that are 

chemically inert and have a very low moisture uptake, high water barrier, and good optical transmission 

[36]. This means that a TOPAS sensor is humidity insensitive [10]. However, the aim with the original 

fiber was to use the chemical inertness of TOPAS for localized fluorescence-based biosensing [34, 35].  

So, the key advantages of the TOPAS fiber are low water absorption, high operating temperature (more 

than 135oC) and chemical inertness to acids and bases and many polar solvents as compared to the 

conventional PMMA based POFs [11]. A recent development that has a great potential benefit is the 

production of sensors in perfluorinated fiber [37], in which the losses are significantly less than in 

PMMA. PC optical fibers were introduced by Fujitsu in 1986 (the core was made of PC, with a polyolefin-

based material as the cladding) [38] and have been extensively studied and used since then [39–41]. 

Polycarbonate is an engineering plastic that exhibits excellent clarity and impact strength [42]. The main 

advantage of using this material for optical fiber fabrication indeed lies in the well-balanced 

combination of its optical and mechanical properties. Firstly, it is transparent to visible light [43] and for 

this reason it can be considered as a natural alternative to PMMA. Secondly, PC usually yields and breaks 

at elevated values of strain, and is highly flexible in bending [43]. In addition, its glass transition 

temperature (Tg) is one of the highest among transparent plastics (145oC), thereby resulting in a larger 



available temperature range. These properties make PC fibers particularly attractive for those 

applications requiring high-temperature-resistant polymer sensors, as long as the specific application 

does not involve long-term exposure to a high-humidity environment at high temperature. To note that 

with each material different types of POF are produced, including step-index and microstructured POF 

(mPOF). Moreover, we can have undoped and doped POFs, with the last one aiming to improve the UV 

photosensitivity. A detailed control of all stages of the POF production process—polymerization, 

preforms and fiber drawing – is a crucial point to achieve good POF performance. 

 

3. POF based sensors: latest achievements  

These different fabricated POFs can be used as sensors (which can be based on different technologies) 

to monitor the external environment, for instance on fiber Bragg gratings (FBG) or light intensity 

modulation [44]. These sensing methods will be briefly discussed, where the particular properties of 

polymers offer some advantage. 

3.1. Fiber Bragg grating based sensors 

The development of UV lasers has made possible the inscription of refraction gratings in the core of the 

optical fibers. An FBG is a periodic modulation of the optical fiber core refractive index. When 

illuminated by a broadband light source the FBG will reflect selectively the wavelength that satisfies the 

first order Bragg condition: 

                        2 ( )
B eff

n z                                     (1) 

where λB is the central reflected Bragg wavelength, neff is the effective refractive index of the optical 

fiber core, and ᴧ is the period of the refractive index modulation on the optical fiber core. In this way, 

the reflected spectrum of a FBG is a narrow spectral band, peaking at λB. From Eq. 1 it is clear that any 

external parameter that affects the refractive index or the physical modulation of the grating period, 

such as temperature or strain variations will change the Bragg wavelength. Therefore, this value 

becomes the parameter to monitor in FBG based sensors because it is related with the variable for 

which the sensor is sensitive [45]. The main advantages of FBG based sensors besides the general optical 

fiber sensors advantages already referred, are the multiplexing capabilities and lower visual impact. 

Differing from the intensity based sensors, FBGs are used for critical measures with higher signal-to-

noise ratios need. 

The FBG can have several distinct FBG structures such as: uniform Bragg grating, characterized by a 

constant grating pitch (spacing between grating planes); tilted FBG (TFBG), which has the grating planes 

tilted with respect to the fiber longitudinal axis; and the chirped Bragg grating (CFBG) that has a non-

periodic pitch, usually displaying a linear variation in the grating pitch, designed as chirp [46,47].  There 

are several works using SOF technology for sensing and data communications [46-49]. In POF 

technology, the most widely used type in POF sensing applications is the uniform FBG [1,6-

11,13,17,24,26-32,37,50]. However, recently some great papers showing TFBGs and CFBG in POF for 

sensing applications were reported [51,52,53].  

TFBGs belong to the short period grating family (grating period close to 500 nm for use in the C+L bands) 

and possess a refractive index modulation slightly angled with respect to the parallel of the optical fiber 



propagation axis. They provide two kinds of couplings: the self-backward coupling of the core mode and 

numerous backward couplings between the core mode and different cladding modes [48]. TFBGs 

present comb-like transmitted amplitude spectra composed of several tens of narrow-band resonances 

(full width at half-maximum (FWHM) ∼100 pm). These unique spectral features make possible a wealth 

of applications [54-57]. Xuehao Hu et al investigated the first TFBG photo-inscribed in PMMA POF for 

(bio)chemical sensing applications [51]. Fig. 1 presents the transmitted amplitude spectra of three TFBGs 

with tilt angles of 1.5°, 3.0°, and 4.5°, respectively. Conclusions similar to the case of silica TFBGs can be 

obtained. For higher tilt angles, the spectral content increases thanks to the coupling of higher cladding 

mode resonances, while the Bragg wavelength is red-shifted and the core mode resonance reflectivity 

decreases. The reflectivity of the Bragg resonance was measured and its equal to 16% for the 1.5° TFBG, 

12% for the 3.0° TFBG and 2% for the 4.5° TFBG. It can also be noticed that the peak-to-peak amplitude 

of the cladding modes decreases with the tilt angle increasing, in accordance with [48]. The same group 

reported recently the first excitation of surface plasmon waves at near-infrared wavelengths using 

weakly TFBGs photo-inscribed in the core of step-index PMMA POFs and the fiber coated with a thin 

gold layer [52]. The refractometric sensitivity can reach ∼550 nm∕RIU with a figure of merit of more 

than 2000 and intrinsic temperature self-compensation. This kind of sensor is particularly relevant to in 

situ operation. 

 

Figure 1. (a) Transmitted amplitude spectra of three TFBGs with tilt angles of 1.5°, 3.0°, and 4.5°. (b) Transmitted amplitude 

spectrum evolution (vertical scale with offset) as a function of the SRI value in the range 1.42–1.49 [51]. 

 

The CFBGs, also called aperiodic Bragg gratings, are known in the literature for gratings with chirp and 

generally refer to gratings in which the resonance condition varies along its length. If the variation of the 

periodicity is small, it can be considered locally uniform. Because of this, each part of the grating will 

reflect different wavelengths without affecting each other [58]. The most common aperiodic FBGs are 

gratings with variable period along its longitudinal extension. Fig. 2 shows schematically the period 

variation over an FBG with linear aperiodicity. The modulation period ᴧ(z) follows a linear profile: 

                                         0
( )z kz                                                             (2) 

for 0 < z < L, where L is the grating length; k is the chirp coefficient, which defines the increase of 

refractive index period per unit of length. The period of an aperiodic FBG can be expressed by a N 

(a) 
(b) 



degree polynomial given as ᴧ(z) = ᴧ0 + ᴧ1z + … + ᴧN zN, which is important for optical communications 

field. The aperiodicity has effect in two properties of Bragg gratings: the bandwidth and group delay. In 

aperiodic FBGs the resonance condition occurs for various wavelengths, resulting in a grating with a 

bandwidth much higher than conventional FBGs. The group delay characteristics of the grating are 

different from conventional gratings. Since different wavelengths are reflected in different positions on 

the fiber, it causes a group delay dependent on the wavelength. This kind of FBGs and analysis are used 

in optical communications and sensing applications [59-63]. 

  

 

Figure 2. Illustration of the refractive index variation in a linear aperiodic grating (top) and the respective period variation 

(bottom) [53]. 

 

Recently, Marques et al investigated the very first CFBG photo-inscribed in POFs [53]. The fast growing 

achieved (only a few seconds of the UV exposure) is related with the high absorption of the PMMA 

under 248 nm UV light. The CFBG in POF (CPOFBG) was recorded in the core of an undoped step-index 

POF and presents a rejection band of more than 16 dB and an FWHM bandwidth of 3.9 nm as shown in 

Fig. 3. These results pave the way to further developments of CFBGs in POFs (using even TOPAS [11] or 

polycarbonate fibers [26]) and to their use for different domains, such as biomedicine and SHM 

(including in aeronautical structures) [59-63] where POFs could preferably replace their silica 

counterparts, with improved bending tolerance and biocompatibility. Here, we show the first group 

delay collected from a 25 mm long CFBG photo-inscribed in POF, achieving a dispersion (defined as the 

rate of change of group delay, τ, with wavelength) of around -66 ps/nm, displayed in Fig. 3. However, 

the obtained ripple is high and improvements need to be done. 

 



                                               

Figure 3. CPOFBG recorded in the core of an undoped step-index POF. Group delay collected from a 25 mm long CFBG photo-

inscribed in POF. 

 

3.2. Intensity based optical fiber sensors 

Optical fiber sensors based on intensity modulation are probably the simplest in terms of operating 

principles and instrumentation. As the name specifies, in this approach the sensing variables are 

detected by changes in the fiber output light intensity. In general, the experimental configurations 

include a light source, one or more optical fibers and a photodetector or an optical spectrum analyzer. 

The advantages of this sensing method are its low cost, ease of production and simplicity of signal 

processing [44].  

Leitão et al investigated the carotid distension waves acquired with a POF sensor as an alternative to 

tonometry for central arterial systolic pressure assessment in young subjects [20]. Fig. 4 represents a 

scheme of the probe working principle. These pre-clinical results support a future clinical validation 

study in larger and broader cohorts. Also, the same group reported the applicability of both FBG and 

POF intensity based sensor in assessing the central pressure at different subjects and situations. They 

found that the FBG probe system has a resolution of around 0.02 µm and the POF system 0.05 µm. It 

was demonstrated that the low cost POF sensor can be a suitable alternative to traditional methods to 

assess arterial central pressure. The results from this study shown that the POF system is suitable and 

meet the requirements for further clinical trials against the traditional equipment’s and invasive aortic 

pressure measurements, in a more diverse sample of subjects. 

 

Figure 4. POF device: (a) schematization and (b) photograph of the application on the carotid artery’s surface [20].  

(a) (b) 



Mesquita et al described the testing and application of a low cost POF sensor on the monitoring of 

groundwater levels [16]. Fig. 5 shows the experimental setup and details about POF in the mold. The 

sensors were tested under two experimental setups: water level variation (increasing and decreasing of 

the water level) and groundwater increase simulation, in a soil column. The analysis of the optical 

signal’s amplitude and its variations due to the increasing or decreasing of water level showed that both 

tested sensors presented an appropriate performance and adequate sensibility to groundwater level 

variation and, therefore, can be used for in situ applications of monitoring. The advantages of employing 

such sensors in structural health monitoring systems to monitor groundwater levels, are the simplicity of 

the measurement system and a suitable sensitivity, added to the low manufacturing, interrogation and 

maintenance costs.  

 

Figure 5. Experimental setup: (a) the experimental implementation and its components; (b) detail of the groove in the fiber 

during the optical signal processing, and (c) soil test box without sand and with sand. (d) Brass mold used to create the grooves 

in the POF, and a detail of the POF with the grooves is shown below the mold photograph [16]. 

 

Antunes et al demonstrated the feasibility of POF based accelerometers for the SHM of civil engineering 

structures based on measurements of their dynamic response, namely to estimate natural frequencies 

[22]. A low-cost POF-based accelerometer was used to estimate its natural frequency with a relative 

error of 0.36%, comparatively to the value estimated recurring to a calibrated electronic sensor. This 

kind of POF based accelerometers can be used to evaluate the inevitable aging and degradation 

resulting from operational environments in bridges, buildings, among others. 

Scully et al developed a range of signal processing methods to extract data from POF sensor elements to 

measure human motion ranging from balance to walking [18,64]. Together with tomographic and 

analogue null balance methods, they explored pattern recognition and machine learning classification, 

to identify different types of walking. Applications include gait analysis for detection of early onset of 

(d) 

(a) (b) (c) 



dementia affecting the executive function of the brain (and thus mobility), rehabilitation, sports and 

security, imaging and recording of the geometry, spatial location and time of each footfall in order to 

extract gait measures that define mobility.  

Quandt et al investigated the use of new-developed POFs for the development of textile sensors leads 

to flexible, wearable sensors [23]. These photonic textiles show versatility with sensor placement and 

the POF fabrics have shown to be low-friction. They can hence be used for long-term measurements, 

also on sensitive skin. These comfortable monitoring devices will allow an improvement in the quality of 

life.  

Also, Hassan et al presented an in-vitro sensing of glucose using a newly developed efficient optical fiber 

glucose sensor based on a Compound Parabolic Concentrator (CPC) tipped POF [65]. In-vitro 

measurements for two glucose concentrations (40 and 400 mg/dL) confirmed that the CPC tipped 

sensors efficiently can detect both glucose concentrations. According to the World Health Organization, 

diabetes will be the 7th leading cause of death in 2030 [66]. Insulin is a hormone that regulates the blood 

glucose levels and proper insulin delivery based on continuous glucose monitoring is extremely 

important for diabetes patients. This requires a low-cost, accurate and bio-compatible sensor, which is 

easy to operate and can be placed in the patient body for frequent or continuous glucose 

measurements. 

Using these different sensing methods, it is possible to achieve numerous applications based on POF 

technology in order to obtain from particular properties some advantage that the SOF technology 

cannot bring with such impact.  

 

4. Latest applications: link with safety of human life 

This section is focused in the recent developments and applications proposed for polymer FBG sensors, 

where the particular properties of polymers offer some advantage in terms of performance compared 

with SOF technology, and even in terms of safety when compared with conventional technology used so 

far.  

4.1. Polymer FBG sensor for underwater applications 

In the subsea environment, the monitoring of acoustic signals and vibration is crucial for different 

applications such as in geophysical surveying and security, e.g. the detection of unwanted craft or 

personnel. Current technology is predominantly based on piezoelectric strain sensors but although they 

have satisfactory performance, they suffer from other limitations: physical size; limited deployment 

range without local power and amplification; lack of multiplexing capabilities.  

To solve these problems, there has been a steady move to introduce optical fiber based systems, firstly 

for surveillance [14] and for geophysical surveying [15]. The first systems were interferometric in nature, 

involving coils of fiber wound on a compliant mandrel. Such systems still have the disadvantage of 

requiring a large diameter cable to contain the coil. Efforts have been made to use Bragg grating sensors 

along a single straight fiber, but for the most demanding applications standard Bragg gratings do not 

possess sufficient sensitivity and it has been proven to be necessary the use of fiber laser sensors [67]. 

However, even though these fiber laser sensors keep the sensor diameter down, they add complexity 



and increase the costs. Previous fiber sensor research has focused on SOF solutions and recently they 

needed to use particular coatings to improve the sensitivity [68] and only now, with the increasing 

maturity of the polymer, FBG technology have the first relevant but preliminary studies been carried 

out, for example when looking at an accelerometer, assessing strain response up to a few kHz [69] and 

demonstrating a fiber grating based acoustic modulator [70].  

Here, we present the recent experimental studies on FBG based interferometric scheme for monitoring 

low-frequency (few kHz) waves using POF in a comparison with the response of SOF. On the other hand, 

fiber Mach-Zehnder interferometers (MZI) are widely used for FBG sensor interrogation purpose due to 

their advantages in terms of high resolution, wide bandwidth, and tunable sensitivity. They are 

appropriate for dynamic strain measurement applications in the areas of vibration analysis, 

hydrophones, and acoustic emission studies. The interferometer converts the Bragg wavelength shift of 

an FBG sensor into a corresponding phase shift in an electrical carrier, which can be demodulated using 

conventional techniques. In this work, a heterodyne technique based on an unbalanced interferometric 

wavelength discriminator is described and the performance of both types of fiber containing FBGs is 

compared. A considerable sensitivity improvement is achieved using polymer FBG (around 6 times 

better), which arises as a result of the much more compliant nature of POF compared to silica fiber (3 

GPa and 72 GPa, respectively). Essentially, and despite the strain sensitivity of silica and POFBGs being 

very similar, this renders the POF much more sensitive to the applied stress resulting from acoustic 

signals or vibration. Preliminary results give noise-limited pressure resolutions of 3.68×10-6 Pa and 1.33 × 

10−5 Pa for SOF and POF, respectively, each within a 100 Hz bandwidth. 

The arrangement used to interrogate the grating is shown in Fig. 6. It utilized a ramped lithium niobate 

phase modulator (accurately set to produce a 2π peak-to-peak phase excursion) to frequency shift the 

light in one arm of an unbalanced MZI and thus allowing the use of heterodyne signal processing [71]. 

Light from a broadband light source (provided by Thorlabs ASE-FL7002-C4), giving an output power of 20 

mW centered at 1560 nm with a bandwidth of 80 nm, was launched into the unbalanced MZI; hence a 

channelled spectrum was created at the interferometer’s outputs that was incident on the grating. 

Incorporated in one arm of the MZI was the phase modulator. The other arm contained a variable air 

gap that allowed the optical path difference (OPD) between the two arms to be adjusted. Provided that 

the OPD between the MZI’s arms is longer than the source coherence length and shorter than the 

effective coherence length of the back-reflected light from the grating, interference signals are observed 

at the detector, which can be expressed as 

    1 cos sinB rI A V t t t            ,      (3) 

where λB is the wavelength of the reflected light from the modulated grating, ωr is the angular frequency 

of the ramp modulation, ω is the angular strain frequency experienced by the grating, A is proportional 

to the grating reflectivity, V is the visibility of the signals, 2 / BOPD   , where effOPD n L , and Φ(t) 

is a random phase-drift term. A sinusoidal strain-induced change in λB from the FBG, (δλB), induces a 

change in phase shift in Eq. (3), given by 

                                                             sin 2 / sinB Bt OPD t                                        (4) 

Hence from Eq. (3), strain-induced changes in λB induce a corresponding phase modulation of the 

electrical carrier produced at the detector by the phase modulator, which we measured by determining 



the amplitudes of the upper and lower sideband frequency components observed on an FFT spectrum 

analyser.  

 

Figure 6. Experimental arrangement. DC: directional coupler, PC: polarization controller. 

 

Two effects affect the sensitivity of the system. First, from Eq. (4), an increase in OPD results in a 

proportional increase in the amplitude of the phase modulation. Second, increasing the OPD beyond the 

coherence length of the light reflected by the FBG results in a reduction in the visibility and 

consequently the height of the carrier and sidebands. Therefore, the sensitivity was optimized by 

adjusting the OPD to achieve the maximum sideband amplitude. Initially, we calculated the OPD 

between the two arms of the designed MZI by recording the interference pattern on an OSA using the 

broadband source. Then, the length difference δL between the two arms of the MZI can be calculated by 
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where δΦ is the phase difference, and δΦ =2π for two adjacent peaks separated by the free spectral 

range.  

When the fiber is compressed, the fractional change of the Bragg wavelength δλB/λB, in response to a 

pressure change δP, is given by [19]: 
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where Λ is the spatial period of the grating. The fractional change in physical length of the fiber and 

refractive index of the fiber core, respectively, are given by: 
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where E and υ are the Young modulus and Poisson ratio of the fiber, respectively, and p11 and p12 are the 

components of the strain-optic tensor. As the fractional change in the spatial period of the grating 

equals the fractional change in the physical length of the sensing section, the pressure sensitivity is then 

expected to be 
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With reference to equation (9), the first part in the parenthesis relates to the change in the period of the 

fabricated grating planes within the fiber core, whereas the second part relates to the refractive index 

change as a result of the strain optic effect. However, equation (9) is relevant for an isotropic solid, 

which is acceptable for silica optical fiber; conversely POF is not an isotropic material and so equation (9) 

may lack validity for POF. During the drawing process of POF manufacture the molecular polymer chains 

tend to align along the fiber axis, and are therefore an example of a transverse isotropic material where 

the properties perpendicular to the fiber axis are not the same as the properties that are along the fiber 

axis.  

Using the values presented in Table 1 for the parameters E, υ, neff, p11 and p12 for silica and polymer 

fibers, the predicted fractional wavelength shift is -2.8x10-6 /MPa using silica fiber and -1.8x10-6 /MPa 

using polymer fiber, an improvement of around 1.5 times for homogenous PMMA fiber. In fact, in [72] 

the measured fractional changes were -2.5x10-6 /MPa (for silica fiber) and 83x10-6 /MPa (for POF), where 

these experimental results refer to some initial static pressure tests. Also, they showed that the 

wavelength shift with POF is opposite to that with silica (and much higher in magnitude). We could only 

explain that by allowing the fiber to be anisotropic as mentioned above.  

From our experimental results and using the Bessel Function, the Vsideband/Vcarrier for POF and silica were 

0.35 and 0.06, respectively, which means Vsideband/Vcarrier = J1(Φ)/ J0(Φ) where J0 (Φ) is approximately 1 for 

small phase modulations. So, after calculating the J1 (Φ) for both cases, we achieved J1(Φ) 0.17 for POF 

case, and 0.025 for silica fiber. With this signal processing scheme, the phase modulation we measured 

is directly proportional to the wavelength modulation experienced by the FBG. In fact, the amplitude of 

the wavelength modulation is given by λB
2Φ / 2πOPD. So, the wavelength modulation for the POF is 

about 6 times greater than that for the silica. The significant difference between our results when 

compared with the work in [72] can be explained by our fiber perhaps being less anisotropic; typically 

the case if the fiber is drawn under lower stress. 

 Table 1: Material properties of PMMA and fused silica. 

 

 

 

 

  

The phase modulator was ramped, and hence generated a carrier signal, at 10 kHz. The silica and 

polymer FBGs had nominal Bragg wavelengths of 1550.21 nm and 1573.42 nm, with reflectivities of 90% 

 PMMA Fused silica 

Parameter     

p11 0.300 0.126 

0.260 

72.45 

1.465 

0.165 

p12 0.297 

E (GPa) 2.95 

neff 1.481 

υ 0.370 



and 80%, respectively, and both FBGs had a bandwidth around 0.5 nm. Hence, in this scheme, 

acoustically induced changes in the wavelength reflected from FBG induce a phase modulation of the 

electrical carrier produced by the phase modulator, which we measured by determining the amplitudes 

of the side bands observed on the spectrum analyser. As shown in Fig. 6, a standard 8 Ω loudspeaker 

was driven in continuous mode by a signal generator tuned at the frequency 420 Hz to excite the FBG in 

water (and in air for comparison). Acoustic signals coming from the loudspeaker excites vibrations in the 

container where the FBG is attached, which in turn induces strain in the FBG sensor. 

Fig. 7 (a) shows the 10 kHz carrier signal and sidebands observed on the spectrum analyser for 0.0625 

and 25 W of acoustical power from the loudspeaker when the silica FBG is in air. Fig. 7 (b) shows the 

detected power of the sidebands (normalized with respect to the carrier signal power) as a function of 

the acoustical power. From Fig. 7 (b), the results demonstrate a highly linear response over the entire 

measurement region. The same analysis, but using the container with water, is shown in Figs. 8 (a) and 

(b). In this case, the difference between carrier amplitude and sidebands amplitude is reduced (25 dB) 

when compared with the case in air (29 dB). The signal-to-noise ratio measured by the spectrum 

analyser was 52 dB. Therefore, if the noise-limited resolution is defined as the RMS pressure amplitude 

that would lead to a signal-to-noise ratio of unity, the resolution may be calculated to be 3.68×10-5 Pa 

within a 100 Hz bandwidth, corresponding to 3.68×10-6 Pa/Hz1/2. 

 

Figure 7. (a) The carrier signal at 10 kHz and sidebands for different acoustical powers when the silica FBG sensor is in air. (b) 

The side-band power (normalized with respect to the carrier power) as a function of the acoustical power. 

 

Figure 8. (a) The carrier signal at 10 kHz and sidebands for different acoustical powers when the silica FBG sensor is in water. (b) 

The side-band power (normalized with respect to the carrier power) as a function of the acoustical power. 

(a) (b) 

(a) (b) 



Tests were conducted when a POFBG is used instead of silica FBG. The previous conditions presented for 

silica FBG are kept to compare the performance. Fig. 9 shows the 10 kHz carrier signal and sidebands 

observed on the spectrum analyser for no power from loudspeaker and for 25 W of acoustical when the 

POFBG is in air. In air, we can observe that the sideband’s amplitude is weak at 25 W of acoustical power 

when compared with silica FBG sensor case. Fig. 10 (a) presents the carrier signal at 10 kHz and 

sidebands for acoustical power from 0.0625 to 25 W, when the container has the POFBG in water. Fig. 

10 (b) illustrates the detected power of the sidebands (normalized with respect to the carrier signal 

power) as a function of the acoustical power. Here, the sidebands are strong compared with the air 

case, showing a high linear response. The difference between carrier and sidebands amplitude is 

reduced when compared with the case of a silica FBG sensor, achieving 9 dB of rejection, almost 3 times 

less than the silica FBG sensor in water. The signal-to-noise ratio measured by the spectrum analyser 

was 17 dB. To determine the noise-limited resolution of the system, the same procedure as above was 

used, and the result was 1.33×10-4 Pa/Hz1/2.  

 

Figure 9. The carrier signal at 10 kHz and side bands for acoustical powers at 0 W (OFF) and 25 W when the POFBG sensor is in 

air. 

 

Figure 10. (a) The carrier signal at 10 kHz and side bands for different acoustical powers when the POFBG sensor is in water. (b) 

The side-band power (normalized with respect to the carrier power) as a function of the acoustical power. 
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In conclusion, we have presented our recent experimental results towards the development of a 

polymer FBG based sensor for underwater safety sensing. A FBG based sensor head and a fiber MZI have 

been fabricated for this purpose for monitoring low-frequency (few kHz) waves. A heterodyne technique 

based on an unbalanced interferometric wavelength discriminator is described and the performances of 

both types of fiber containing FBGs are compared. A considerable sensitivity improvement is achieved 

using polymer FBG (around 6 times better), which arises as a result of the much more compliant nature 

of POF compared to silica fiber. These results give us noise-limited pressure resolutions of 3.68×10-6 and 

1.33 × 10−5 Pa/Hz1/2 for silica and POF, respectively. Although POF presents more sensitivity than silica 

fiber, its resolution needs to be improved with the use of lower wavelengths or CYTOP fiber [24], which 

would allow us to considerably reduce the losses in the POF system. 

 

4.2. Time-dependent variation of PMMA and TOPAS polymer FBG sensors in liquid level sensing 

Research into liquid level sensing technologies is of great importance for human safety because such 

measurements are crucial to industrial applications such as fuel storage, for providing flood warning or 

tides and also in the biochemical industry. Many optical fiber liquid level sensors have been reported to 

be safe and reliable in different environments and present many advantages for liquid level 

measurement [7, 73-78], including for aircraft fuel level monitoring system [79]. However, most of these 

sensors have not been commercialized as an alternative to the traditional liquid level sensors because 

they exhibit some drawbacks, such as low sensitivity, limited range, long-term instability, limited 

resolution, high cost, or general weaknesses. The most frequently used level sensors are the capacitive 

and ultrasonic devices, however they suffer from intrinsic safety concerns in explosive environments 

combined with issues related with reliability and maintainability. Recently, we have presented new 

approaches for liquid level sensor systems [7,73,78] which may overcome these drawbacks but some 

studies need to be investigated and discussed about their time-dependent variation of the polymer 

FBGs’ optical properties. So, these drawbacks presented above are solved where a new and robust 

approach was achieved [7,73,78] with high sensitivity, large range (from 0.8 m to a few meters 

depending on the diaphragm thickness), good resolution (less than 6 mm) and a relative low-cost when 

compared with the optical solutions already published [74-77]. Furthermore, these new approaches 

have several advantages: a) Fault tolerance: malfunctioning sensors can be identified and their outputs 

ignored; b) Operation is independent of the fuel density: changing the density alters the slope of the 

fitted line, but not its intercept; c) Operation is insensitive to g-force: this again changes the slope of the 

line but not its intercept; d) Temperature insensitivity: temperature induced shifts in both the nominal 

Bragg wavelengths of the sensors and the sensitivity of the sensors are compensated for. It should be 

noted that the aircraft fuel gauging problem is particularly demanding since not only can the effective g-

force vary due to acceleration, but the attitude of the plane to the effective gravitational force can also 

change; it means, the plane of the liquid surface can have different orientations with respect to the 

airframe structure. This is a problem common to almost all gauging systems and it is solved by having 

multiple level gauges coupled with appropriate signal processing as demonstrated in [7]. 

Additionally, a preliminary study of the time-dependent variation of both the strength and resonance 

wavelength of polymer FBG array sensors is reported. The polymer FBGs are embedded in silicone 

rubber and polyurethane resin diaphragms and placed in contact with water and JET A-1 aircraft fuel, 

respectively [7]. Both the reflection and the resonance wavelength shift were monitored over time and 

two studies were made: first one, which in addition to the polymer FBG coated with the diaphragm also 



the rest of the fiber is totally coated between the sensors with the same material; second one, in which 

the fiber between sensors is uncoated – in direct contact with liquid. Fig. 11 shows the experimental 

apparatus with sensors submerged in liquid: three sensors in fuel and five sensors in water. Note that 

fuel contains small amount of water and it can be detected by POF sensors as reported in [17]. More 

details about diaphragm fabrication and experimental setup can be found in [7,73]. 

 

Figure 11. Experimental apparatus with sensors submerged in liquid: (a) three sensors in fuel and (b) five sensors in water. 

 

PMMA and TOPAS FBGs were used, achieving for PMMA (after 90 days) short-term drifts (although the 

coated case showed very low changes, the equilibrium is not completely reached) for the first study 

mentioned above, and long-term drifts for the second case, possibly due to the sensitivity of PMMA to 

the water. Currently, we have studies in progress to evaluate the impact with more detail. On the other 

hand, TOPAS FBGs revealed a much improved behavior for long-term liquid monitoring systems 

suggesting a good option for this type of applications, as shown in Fig. 12. 

 

(a) (b) 

(a) 



   

 Figure 12. (a) Reflected spectra of the TOPAS mPOFBG over 30 days when the sensor is submerged in fuel. TOPAS mPOFBGs (b) 

reflection behavior and (c) resonance wavelength variation over the time for sensor.  

 

5. Conclusion 

The increased interest in POF technology is due to the different material properties compared to silica. 

This paper addresses the recent research and developments of POF sensor technology in different areas 

of human life safety, with focus on fiber Bragg grating based sensors and intensity variation schemes 

based sensors. The market is still demanding low-cost solutions where POF can play a relevant role more 

than ever. In conclusion, it is expected that POF based sensors will continue to be a very active research 

topic since there is an increasing number of research groups around the world currently focusing on the 

stabilization of this technology, tackling their problems. 
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