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To the best of our knowledge, an evanescent-coupling plastic optical fibre 

refractometer & absorptionmeter, based on surface light scattering, is described 

for the first time. The sensing elements were manufactured by machining random 

roughness, using side-polishing technique. Coarser polishing leads to stronger 

surface light scattering, allowing measurements of refraction index smaller than 

the fibre cladding value. The same device also works as an absorptionmeter, 

where refractive and absorptive mechanisms may compete to each other. 
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1. Introduction 

Plastic optical fibres (POFs) have been manufactured since the 60's and 

were primarily intended for application on illumination, imaging and decoration 

[1]. Continuous improvements on the POF transparency and bandwidth have 

being reached by many research groups showing its usefulness even for high-

speed datacom [2]. A large amount of publications des~ribing  silica-based fibre 

optic sensors have been reported in the last thirty years [3], while the POF-based 

sensors have been much less exploited. 

Plastic and silica fibre feature useful characteristics as: electromagnetic 

interference immunity, low weight, small volume, electrical isolation, etc. The 

main advantages of POFs, compared to silica fibres, are their easy handling, 

sturdy, safety, and potentially lower cost for handling tools, disposability, easy 

mass production of components and system. 

In general, the evanescent-wave based fibre sensors [3] manufacturing 

requires mechanical polishing, thermal stretch or chemical etching by employing a 

hydrofluoridric acid (HF) solution for silica or potassium hydroxide (KOH) for 

plastic clad (PCS) fibres. Besides the time consumed for mechanical polishing of 

glass and the danger of working with HF or KOH, the stretched or etched silica 

fibre is very brittle, what is hard to handle and, thus limiting practical field 

applications. 
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In some applications one can use PCS fibres, as its primary jacket, and 

also its cladding, can be removed manually by a stripper. In this case, only the 

fibre core is used, but for this type of application the fibre (e.g. its core) is still 

brittle, thus reducing its flexibility to be bent. Besides, there are no passive 

components made from PCS fibres on the market. 

As described above. one can use some techniques to expose the core 

(evanescent field) of silica optical fibres, in such manner that it leaves an 

essentially flat surface [3]. Even by employing the mechanical side-polishing, the 

fibre should be tapered with a high degree of flatness because of its small 

diameter core. 

As reported in the early 80's [4], a number of experimental and theoretical 

investigations have been oriented to study the effect of micro-roughness 

adsorption on the optical properties of dielectric [5] and metallic [6] surfaces. 

More recently the use of holographic gratings with 2D random TOughness in non­

metallic surfaces, have been rep0l1ed to measure lateral offset, phase gradient, or 

for cryptographic codes accomplishment [7]. The use of holographic sensors, with 

discrete optical components, to be used as gas sensors, has also been rep0l1ed [8]. 

The commercially available step-index (SI) POFs [9], features a 10 !-UTI 

thickness cladding, which can be easily removed by side-polished technique in 

order to expose the evanescent field [10,11]. In this paper, an evanescent-wave 

POF refractometer [10-13] and absorptionmeter, based on a randomly surface 
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scattering pattern [10,11] machined over the sensing element, is described for the 

first time. 

2. Sensing Element Manufacturing 

The sensing elements are manufactured by embedding a piece of POF 

slightly bent into a polyester resin block. This way, the POF remains tangential to 

one of the block faces. This face is polished up to the fibre diameter, reducing it to 

a half. This procedure was done using two different types of lapping film: one is a 

fine lapping film (FLF) of d = 12 /lm grit-size, and the other is a course lapping 

film (CLF) of d = 42 /lm [10,11]. 

Fig.l shows some pictures of the POF sensing element just after the side­

polishing process. In these pictures one can observe that the fibre is slightly bent 

and embedded on a < 100 mm length resin block, and also that the polished length 

is about 20 mm. On the top picture it is possible to observe another similar sensor 

element but with a cuvette bonded around its exposed core. The cuvette may 

accommodate the liquid solution that should be poured over the sensing element 

during the experiments. After the use of each sample, the liquid solution is 

removed by suction with a syringe, and a final evaporation is performed with 

compressed air jet. Measurements were done almost immediately after liquid 

solutions preparations. 
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3. Experimental Fibre Optic Apparatus 

A conventional intensity-modulated fibre optic sensor circuit is shown in 

Fig.2. The light-emitting diode (LEO@ 660nm, 40 nm bandwidth) launches ­

350~1 W of light in a pigtailed POF. Light goes through the port 11 of a bi­

directional POF coupler [14], and propagates tht=ough a mode-scrambler 

[10.11.15]. The coupler splits the light in two ports. At port 21, the side-polished 

POF (sensing element) was connected as previously described. 

Port 22 acts as a reference arm. The signal (II) and the reference light (h) 

are detected by silicon photodiodes POI and P02, respectively. The generated 

electrical signals were amplified and displayed on a calibrated optical power 

meter that also performs the normalisation ratio Il/b All of the measurements 

were performed at 25.0± OJoC (room temperature). 

4. Results and Discussions 

4(a). Characterisation of the device as a refractometer 

In order to characterise the device as a refractometer, several sucrose 

solutions, at different concentrations, were mixed. The refraction index for each 

solution was independently measured by means of an Abbe refractometer. The 

depth level of the liquid under test should be considered unlimited above the 

surface of the sensing POF. 

All experiments sho'vved an immediate response just after the liquid was 

poured in the cuvette. The optical response remains stable for each solution under 

test. As soon as the liquid solution was completely removed fi'om the sample, the 

optical signal returned to its original level. No long-term measurement was 

performed, but in the used time scale (minutes) no significant behaviour was 

observed, which could be attributed to adsorption and/or molecule diffusion 

dynamic process. Similar type kind of behaviour was observed in organic vapour 

detection [8]. 

Fig.3(a) shows the normalised plot of Il/h for the refractometer with the 

FLF side-polished sensing POF as the refraction index increases. The plot 

corroborates the result already reported in the literature [12,13].The output signal 

remains unchanged until the refraction index of the sucrose solution matches the 

POF cladding value at n = 1.417. For n > 1.417, the output signal drops linearly 

with sensitivity of -36.3 dBIRIU. The measured resolution was better than 0.005 
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RIU. Fig.3(b) shows the normalised plot of II/h for the CLF side-polished sensing 

POF as the refraction index increases. A different optical response was observed 

when compared with Fig.3(a). From n = 1.333 (pure water) to n = 1.417, the 

output signal increases with a sensitivity of +7.5 dB/RIU. On the other hand, for 

n > 1.417. a qualitative similar result is observed. Nevertheless, a sensitivity of ­

31.0 dB/RIU is now achieved, which is lower than that for the FLF sensing 

element. 

Over a dozen sensing POF tapers were manufactured and characterised, all 

of them giving similar results described above. 

The roughness surface of the sensing POF scatters the guided light probe, 

which strikes the polymer/air boundary into the radiation modes. The scattering is 

likely to be the Mie mechanism [16]. In our case this is due to the fact that, the 

roughness of the sensing POF taper in both cases (FLF and CLF) has a typical 

size larger than the wavelength of the probe light (0.66 ~m). Once the sucrose 

solution is poured, a decrease of the refraction index depth modulation on the 

polymer/air interface is likely to occur. Therefore, the scattering strength is also 

reduced. The initially radiated light (leaky modes) intensity is now forward­

guided (guided modes) through the POF, providing an enhancement of the output 

signal as the analysed refractive index also increases. 

Another way to explain the sensing behaviour [17] described previously, is 

considering the sensing element as a transversal D-shapecl waveguide. The 

structure is composed by a flat surface in contact with the measured element, 

followed by a layer of a random diffraction grating. This grating is composed by 

grooves of the same grain depth of the used lapping film. The gap between the 

waveguide and the diffraction is null. The propagation modes under the fibre 

critical angle, which reaches the hypothetical flat surface, are diffracted at random 

directions to the fibre outside, losing its transmission characteristics. 

Occasionally, few modes can be coupled back to the waveguide. When a perfect 

index matching occurs, the propagation modes lose their transmission 

characteristics by ordinary refraction, and no longer by diffraction. 

The propagation modes above the critical angle are totally reflected, and 

no lost of energy occurs. Nevertheless, the grating will diffract the evanescent 

mode of each incidental mode, and part of the light will be lost toward the outside. 

However, when the refraction index is matched, the grating vanishes, and the 

evanescent mode will no longer be diffracted. As a result, no more optical power 

lost will occur. If the refraction index under test (RIUT) continues to grow, optical 

attenuation will occur due to evanescent mode detachment, as the basic condition 

to guidance is lost. 

Organic vapours detection technique was previously reported [8]. This 

case is based on the interaction with thin polymer films, known to interact with 

organic vapours via adsorption and/or diffusion. It is also possible to measure 

gases (satured vapours) by monitoring the 1st order diffraction (low efficiency) of 

a holographic grating written on a polymer film. Another physical mechanism, as 

proposed by such article, is the possible formation of a liquid thin layer of 

condensed gas that fills up the written ditfraction grating grooves. 
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For n > 1.417 the observed effect for FLF is likely to remain even for the 

CLF sensing POF. But, another mechanism arises for n > 1.417, which is similar 

to the previously reported for n < 1.417. We believe this second mechanism is due 

to the random pattern grooves (roughness) in the POF surface. Both mechanisms 

act in opposition to each other leading to a slightly smaller derivative (sensitivity) 

ofihe output signal (see Fig 3. (b)). 

In order to compare both sensing elements it is necessary to subtract the 

measured mechanisms sensitivity, when using the CLF sensing POF. To obtain 

the subtraction of +7.5 dBIRIU from -31.0 dBIRIU, one has to subtract their 

equivalent angular coefficients, and conveli the result to the dBIRIU unity. This 

mathematical procedure leads to an ultimate value of -39.0 dBIRIU. Comparing 

this value with-36.3 dBIRIU, a difference of 2.7 dBIRIU is observed, which can 

be slightly diminished by improving the numerical calculation during the whole 

procedure. Therefore, these results explain, only in a qualitative manner, the 

proposed model for the observed measurements. 

To the best of our knowledge, this is the first description of fmstrated 

surface scattering on optical fibre evanescent mode sensors. However the surface 

scattering phenomenon itself is very well known because it causes attenuation that 

is undesirable for silica fibres intended for Telecom applications. We believe this 

is due to the fact that silica fibre evanescent sensors are obtained by HF chemical 

etching, thermal stretch or side-polishing techniques. In the last case, lapping 

tilms are used, not only on singlemocle fibres, but also on multimode fibres. In 

both cases, the used lapping film is very fine « 111m) if compared to the ones 

used on the reported POF sensors. 

By scratching the POF surface in a random way, it is possible to monitor 

the refraction index smaller than the fibre cladding. Considering the full range of 

the refraction index, the optical signal does not change in a monotonically way, 

inducing an ambiguity in the measurement. It should be expected that, after 

suitable averaging procedures, the present refractometer could feature an 

improved resolution. 

4(b). Characterisation of the device as an absorptionmeter 

Now, in order to characterise the device as an absorptionmeter, several 

(violet) dye-water solutions at different concentrations (%) were mixed. 

Analogously, as in the previous case, the depth level of the dye-solution under test 

(DSUT) should be considered unlimited above the surface of the sensing POF. 

The experimental results show an immediate and stable response related to 

DSUT poured into the measurement system. The optical response returns to its 

original level as soon as the DSUT is removed, and the receptacle is drained with 

compressed air. No long-term experiment was run, but in the present experiments 

no significant time-scale (minutes) occurrences were observed, which could be 

related to adsorption and/or diffusion molecules dynamic processes, as previously 

repOIied in organic vapours detection [8]. 
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Fig.4 shows the measurements performed on the Abbe refractometer of the 

DSUT refractive index as function of the relative percentage (%) of the dye 

concentration. It shows a narrow range from 1.333 to 1.336 as measured for the 

DSUT refraction index. Some plot discontinuities were observed. We believe that 

such discontinuities may be an mtifact that arises from errors in the measurements 

of the refraction index and/or the dye mixing concentration of he DSUT. 

Fig.5 shows the normalised plot of I/Iz for the absorptionmeter for (a) 

FLF and (b) CLF side-polished POF as the absorption coefficient (or % of dye 

concentration) increases. It shows the sensitivity characterization of the 

evanescent-wave POF sensor operating as an absorptionmeter. 

From Fig.5 it is possible to observe two distinct derivatives between the 

plot 5 (a) and 5 (b). Up to - 8% of dye concentration, the slope is smooth and 

essentially the same for both CLF and FLF sensing POF. For higher 

concentrations from value 8% until 17%, the slope increases for both sensing 

POF, but the optical signal drop is much higher for the FLF fibre (d = 12 11m), 

when compared with the CLF (d = 42 11m). The physical origin of such derivative 

changes is presently unknown. One possible explanation may be the error 

measurements in the DSUT percentage concentration (%) as previously pointed 

out. Another possibility could be the altifacts due to the adsorption on the polymer 

wall or micro-crystallite formation. The solution for the latter may be the 

treatment with ultrasound during and after the dissolution processes. 
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By increasing the relative concentration (%) of the dye, the transmitted 

signal drops for both eLF and FLF side-polished POF sensing element 

concerning only values higher than 8%. In the previous case, where the device 

was characterised as a refractometer, transparent liquid solutions were used to 

guarantee only refractive effects. as absorptive effects could be neglected. In the 

present case, aqueous solution was used with dye mixed. This way, a much lower 

refraction index variation (see Fig.4) was obtained, but non-transparent liquid 

solutions. 

Fig.3 (a) shows that there is.no significant optical signal variation for the 

same range of refractive index (1.333- I.336), when FLF sensing POF element is 

used. But when the FLF sensing element is used for the absorptionmeter, the 

optical signal is now attenuated, while the dye concentration (%) is increased. 

This mechanism is due to the evanescent field, which is also attenuated due to its 

interaction with the DSUT. This way, in the present case, there is no competition 

between the absorptive and refractive mechanisms. 

Fig.3 (b) shows measurement results for the CLF sensing element where 

the optical signal variation is of + 0.0225 dB (+ 0.5%), considering 0.003 RIU the 

maximum variation of the refractive index (1.333-1336). In Fig.5, the plot 5 (b) 

for the eLF sensing POF shows a lower derivative than the plot 5 (a) for the FLF 

sensing POF. It is likely to be occurring a competition as well as some mixing 

effects between refractive and absorptive mechanisms when someone uses the 

CLF sensing POF (Fig.5(b». Qualitatively speaking. while the absorptive effect 

pushes the optical response of the absorptionmeter to a stronger derivative (as in 
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Fig. 5 (a)). the refractive effect reciprocally pulls it to a weaker derivative as 

demonstrated at Fig.3 (b) and Fig. 5 (b). 

5. Suggestions for future works 

The POF technology intended for pharmaceutical and food industries, as a 

chemical/biological evanescent-wave sensor, is very promising. A drawback of an 

evanescent-wave POF sensor is its susceptibility to chemical attack by acetone, 

HS04• CHC!, and other organic solvents. A possible solution may be the coating 

of the sensitive POF surface with a thin dielectric or thin metallic film. In the 

latter case, a sensor based on surface plasmon resonance might be achieved [18]. 

Extrinsic vapour sensing with polymer technology has been described as the 

recently reported gasoline leakage detector [19]. An extension of the present 

work, but aiming to perform intrinsic gas sensing is under development [20,21] in 

our laboratory and will be the subject of future publications. 
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6. Summary 

An intrinsic sensing mechanism relying on the surface light scattering due 

to the random pattern grooves machined in the POF surface has been 

demonstrated. This way, an evanescent-coupling POF refractometer as well as an 

absorptionmeter for liquid solutions is rep0l1ed. Two scaled size-dimensions d for 

the randomly pattern grooves were investigated: 

a) d = 12 Jlm (FLF sensing POF) 

Measurements covering the 1.42-1.48 RIU range with -36.3 dB/RIU 

sensitivity and 0.005 RIU resolution were achieved for the POF-refractometer. 

Their optical response as an absorptionmeter is of absorptive nature only and is 

stronger than that of the CLF sensing element. 

b) d = 42 Jlm (CLF sensing POF) 

Now, measurements covering the 1.33-1.42 RID range could be done with 

+7.5 dB/RiU sensitivity the 1.42-1.48 range with -31.0 dB/RIU sensitivity. Their 

optical response as an absorptionmeter are simultaneously of absorptive and 

refractive nature and they are weaker than that of the FLF sensing element. 
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Figlll'c caption 

Fig.1 The POF sensor element manufactured by means of the side-polishing 

technique on a resin block embedded fibre. (a) The sensor element. (b) The sensor 

element with a bonded cuvette around the exposed core. 

Fig.2. The experimental all-fibreoptic apparatus. 

Fig.3. Plot of the normalised optical signal output 11 1/11 (arbitrary units) for the 

device as a refractometer as nmction of the refraction index for (a) fine (FLF). 

and (b) course polished surface (CLF) •. 

Fig.4. Plot of the refraction index for the violet dye-water solutions (OSUD as 

function of concentration (%). 

Fig.5. Plot of the normalised optical signal output Iltill (arbitrary units) for the 

device as an absorptionmeter as function of the violet dye-water (DSUT) 

concentration (%) for (a) tine (FLF). and (b) course polished surface (CLF) •. 

Fig.l 
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