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1. Deliverable objectives 
The first objective of this deliverable is to report on the characterization of the silica pre-
product prototype as presented at the 2nd Benefits for Industry workshop organised by 
PHOSFOS in Munich at T0+38, with respect to its measuring performance for pressure and 
temperature. As a result, the final specifications of this sensor can be derived and compared 
with the target specifications defined in the DoW. The topics on which we will report here are 
the pressure sensitivity, the high-pressure limit up to 1200 bar, the temperature cross-
sensitivity, the pressure dependence of the temperature sensitivity and the thermal stability at 
high temperatures (250°C). Besides the characterization for the pressure application, a 
mechanical characterization of the strength of microstructured optical fibres is also reported. 
These results are highly relevant in view of the intended applications in harsh conditions of 
the pre-product prototype. In a confidential annex we will additionally report on the packaging, 
cabling and the connection between the cable and the package for the pre-product prototype. 
This information is of confidential nature because it includes our initial ideas on the package, 
an overview of existing patents on similar ideas and finally workaround solutions and 
commercialization ideas for our own package. 
 
The second objective is to report on the characterisation of the polymer fibre sensor proof-of-
concept systems that were also presented during the 2nd Benefits for Industry workshop. As 
described previously the targeted application for the sensor demonstrator is in respiratory and 
gastro-intestinal pressure sensing. As outlined in the updated DoW, the proof-of-concept 
systems consist of POF FBG sensors embedded in polymer skins and / or tubes as well as 
the control electronics and software required to make the system work. We will report here on 
the load and pressure sensitivity of the FBG arrays in POF embedded in a polymer tube and 
on the performance of the spectrometer-based interrogation system that was especially 
developed and assembled for this POF system. Second we will present the characterization 
results of the second POF proof-of-concept system by demonstrating the strain sensitivity of a 
POF FBG embedded in a polymer skin in comparison with a silica FBG in the same skin. We 
will also report on the performance of the miniaturized and integrated interrogation system 
that was developed for this POF system. 
 
This deliverable finalizes Task 5.2 (Assembly and characterization of the silica MSF pre-
product-prototype) and Task 5.3 (Assembly and characterization of the two POF based proof-
of-concept systems) of WP5. 
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2. Silica MSF pre-product prototype evaluation 
As outlined in deliverable D5.4, the pre-product prototype for the silica fibre consists of the 
Butterfly-type MSF sensor (type 091023) and its housing together with the adapted FBG-Scan 
608 from FOS&S. This configuration was tested for various characteristics and the results will 
be reported here. In deliverable D5.3, the targeted and expected specifications were listed. At 
the end of this deliverable, we will compare this table with the final specifications that we 
derived from the performance evaluation. 

2.1. Pressure calibrations 
 
 100 bar, various temperatures 

 
In the first instance, pressure calibrations were performed up to 100 bar at different 
temperatures. For this test we used the standard calibration setup from FOS, which consists 
of an oil pressure vessel and a pressure and temperature controller, see Figure 1. The metal 
container in the interior of the pressure vessel is filled with oil that can be pressurized by the 
pressure controller. Around the metal container is a PTFE container that contains water or 
glycol that can be heated or cooled by means of the temperature controller in order to perform 
calibrations at different temperatures. The temperature of the liquids can be adjusted from -
20°C up to 60°C. The oil pressure can be adjusted from 0 up to 100 bar with an accuracy of 1 
bar.  
 

  
 

Figure 1. The pressure vessel (left), the pressure controller (middle) and the 
temperature controller (right) used for the pressure calibrations at FOS.  

 
The sensing fibre, coming from the immersed pressure sensor, is guided out of the pressure 
vessel by means of a Swagelok coupling containing the fibre glued in a capillary. From 
experience, it is known that this type of feed-through can easily withstand the pressures from 
this setup.  
 
Pressure calibrations were performed at 3 different temperatures: 10°C, 25°C and 40°C. Prior 
to each calibration, it was ensured that the temperature of the oil was stable. For each 
pressure calibration, the pressure was varied stepwise from 0 to 95 bar up and down and the 
wavelengths of the sensor were regularly recorded. It should be noted that the FBG-Scan and 
the depolarized optical source were placed in a climatic chamber and were kept at constant 
temperature (20°C). Only under these controlled conditions, the measurement unit has the 
required stability (repeatability of 2 pm), see also deliverable D5.4. 
 
The measured wavelength for the low and high wavelength peaks for the different calibrations 
are presented in Figure 2 and Figure 3 respectively. The corresponding wavelength 
differences Δλ = λhigh - λlow are presented in Figure 4. The fitted curve through the combined 
data is represented in the figure by the solid line. The averaged sensitivity of the tested 
sample is -1.08 pm/bar. This is the typical sensitivity of samples of the butterfly MSF type. It 
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should be noted that during the PHOSFOS project some samples were made that had 
considerably larger sensitivities but these were not used for the characterization because (1) 
these sensor can not yet be made in a reproducible way and (2) these samples are expected 
to be less appropriate for being used in the high pressure regimes due to their more fragile 
microstructure near the fibre core. 
 

 
Figure 2. Measured wavelengths of the low wavelength peak as a function of pressure 

taken at 3 different temperatures. 
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Figure 3. Measured wavelengths of the high wavelength peak as a function of pressure 

taken at 3 different temperatures. 
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Figure 4. Wavelength differences (λhigh – λlow) as a function of pressure for the 3 

different calibrations as presented in Figure 2 and Figure 3.  
 

 
Figure 5. Difference in wavelength between the measured data and the fitted curve 

from Figure 4 for the 3 different calibration curves. 
 
It can be seen that there is some scatter on the data. In order to investigate this in more 
detail, the difference of the data with the fitted curve is presented in Figure 5 for the 3 different 
calibrations individually. The scatter for each calibration is on the order of 2 pm, which 
corresponds to the repeatability of the used measurement device and so this is understood. If 
one compares the curves with respect to each other, an offset shift can be seen that seems to 
be temperature dependent. The shift is on the order of 4 pm for a total temperature shift of 
30°C and hence it would indicate a temperature cross-sensitivity on the order of 0.13 pm / 
bar.  
 
In section 2.2, we will derive the temperature cross-sensitivity by means of temperature 
calibrations and we will show that it is approximately an order of magnitude smaller than the 
value from above. Hence the effect that is observed here is more likely to be originating from 
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the accuracy of the measurement device (which is 10 pm) rather than from the temperature 
cross-sensitivity. We will come back on this in more detail in section 2.2.  
 
 1000 bar, room temperature 

 
Next to the calibrations up to 100 bar, the sensor was also evaluated for higher pressure 
regimes, more in particular up to 1200 bar. For this test, a suitable laboratory was looked for 
and an appropriate set-up was found at Stork Intermes. This is an accredited calibration and 
testing laboratory located in Antwerp, Belgium. The typical setup for this type of calibrations is 
a pressure balance as shown in Figure 6, typically an hydraulic dead-weight tester from BH 
Budenberg. Pressure can be applied by adding weights on one arm of the balance. The 
maximum pressure of the used balance is 1200 bar (120 MPa). (Higher pressure calibrations 
can also be done at Stork Intermes but this was not considered to be relevant at this stage.)  

 

 
Figure 6. The 580 DX dead-weight pressure balance as used for the calibration up to 

1200 bar at Stork Intermes. 
 

Also for this setup a fibre feed-through was required in order for the fibre to be guided out of 
the pressurized oil. The used feed-through is similar to the one in the set up at FOS i.e. based 
on a Swagelok coupling and a fibre glued in a capillary. The feed-through was tested first with 
a dummy fibre in order to verify if it can withstand pressures up to 1200 bar. The test was 
successful and so this type of feed-through could be adopted for the test.  
 
A picture of the complete set up is presented in Figure 7. A blow-up of the sensor container 
and feed-through is presented in Figure 8.   
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Figure 7. Test set up at Stork Intermes for the calibration up to 1000 bar. 

 

 
 

Figure 8. The stainless steel housing that contains the MSF sensor with the fibre feed-
through on the right.  

It should be noted that the setup has no way to control the temperature. Also the 
measurement unit and source could not be kept in a temperature controlled environment. 
Therefore the high pressure tests were performed only at room temperature and the 
calibrations were taken relatively fast in order to rule out temperature effects on the sensor 
and on the measurement equipment. The time for each calibration is typically around 15 
minutes. 
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The aim of the high pressure test at Stork Intermes was (1) to determine the maximum 
pressure that the sensor can resist without damage (but limited to 1200 bar) and (2) to record 
a calibration cycle up to this high pressure limit. In order not to waste too much samples, we 
selected to perform different calibrations of which the pressure range was gradually increased 
for each successive calibration. Each calibration consists of a stepwise calibration for 
increasing and decreasing pressure steps. For each calibration, the non-linearity and 
hysteresis were monitored. The hysteresis can be regarded as a selection criterion for 
damage to the fibre. The idea behind it is as follows: if high pressure causes structural 
damage to the fibre, it can be expected that the sensor response will be different for 
decreasing pressure compared to increasing pressure.  
 
In total 4 calibrations were executed. The maximum range, step size and number of steps for 
the different calibrations are presented in Table 1 Error! Reference source not found.. 
 
Table 1. Settings as used for the different calibrations at Stork Intermes with gradually 

increasing pressure range and step size. 
Calibration Maximum 

[bar] 
Step size 

[bar] Steps 

1 300 60 5 
2 600 100 6 
3 900 150 6 
4 1000 200 6 

 
It should be noted that for calibration 4 the pressure was even further increased up to 1100 
bar in order to drive the sensor to its limits. But at this pressure range, the low and high 
wavelength peaks were nearly overlapping, see Figure 11, and they could not be 
distinguished any more by the interrogator. This is illustrated in Figure 9, which shows the 
measured wavelengths for the calibration up to 1000 bar. During the pressure increase up to 
1100 bar, the peaks could not be distinguished any more and so the data for this step is 
missing. 

 
Figure 9. Wavelengths as recorded during the step-wise calibration up to 1000 bar.  

 
An overview of all recorded data is presented in ANNEX I to this report. For each calibration, 
we present the recorded wavelengths of both peaks, the wavelength difference as a function 
of pressure (i.e. the pressure calibration) and the difference of the calibration data with the 
linear fit function (i.e. the non-linearity of the calibration data). Figure 10 gives an overview of 
the non-linearity for the various calibrations.   
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Figure 10. Overview of the non-linearity as deduced from the various pressure 

calibrations. 
 
The hysteresis can be directly read from the non-linearity data since this is the difference in 
non-linearity at the same pressure setting (one for the up and one for the down going 
pressure step). It can be seen that for all calibrations, the hysteresis is of the order of 2 pm or 
smaller, which corresponds to the repeatability of the measurement unit. This already 
indicates that the sample showed no evidence for damage to its microstructure. Hence this 
type of sensor can easily survive pressures up to the tested 1100 bar.  
 
The non-linearity for the calibrations to 600 and 900 bar is also excellent and below 2 pm. 
This indicates that the temperature during one pressure calibration is sufficiently stable and 
that the sensor shows a linear response to pressure. The good temperature stability is most 
likely because the calibrations were recorded during a relatively short period in time. 
 
The calibration to 300 bar and that to 1000 bar show increased values for the non-linearity. 
The slightly higher values seen at the calibration up to 300 bar are probably because of 
increased temperature variations. The reasoning is that no non-linearity was observed at the 
higher pressures up to 900 bar. Furthermore, the non-linearity does not seem to depend on 
the applied pressure i.e. the variations seem to be at random. However, the increased non-
linearity for the 1000 bar pressure range does seem to be related to the pressure and 
therefore it is an indication for an extra error source. Possible origins of this error could be: (1) 
absolute accuracy of the measurement unit, (2) error on the peak determination algorithm due 
to the onset of peak overlap at higher pressures and / or (3) a higher order pressure 
sensitivity from the sensor itself.  
 
With the current data it is not possible to completely rule out options (1) and (3) but there is 
some strong evidence that supports option (2). As already indicated earlier, the peaks indeed 
start to overlap near 1000 bar, as shown in Figure 11. The peak overlap in combination with 
the relatively low peak powers can cause a relatively large error in the peak determination 
algorithm. Evidently, this will have its effect on the non-linearity for this calibration.  
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Figure 11. Spectra as taken for different applied pressures. 

 
An overview of all calibration data is presented in Figure 12. It can be seen that the sensitivity 
for this sample is -1.07 pm / bar and hence it is very similar as the one presented in Figure 4. 
Note that Figure 12 shows both the data for the up and down going steps but due to the small 
hysteresis this cannot be seen as such on the graph. 

 
Figure 12. Overview of all calibration data. 

 
As a conclusion to this section, it can be stated that the pressure calibration data is of 
excellent quality: very low hysteresis and excellent linearity to within the limits of the 
measurement unit. It shows that the pressure sensor is very well suited to be used up to 
1000 bar (even up to 1100 bar provided that the peak separation is increased or the sign of 
the sensitivity can be inverted).  

2.2. Temperature cross sensitivity 
First indications on the temperature cross-sensitivity were already shown in section 2.1, by 
comparing the wavelength offsets from the pressure calibrations taken at different 
temperatures. In order to investigate the temperature cross-sensitivity in more detail, the 
sensor samples were tested in the dry well calibrators (Fluke Metrology Well) at the FOS lab. 
These calibrators are very accurate for temperature calibrations. In fact, it is the standard 
equipment that is used to calibrate Pt100 temperature probes. They are specifically designed 
for low volume, high accuracy and long-range temperature calibrations. FOS has 2 different 
such devices: model 9170 and model 9173 for low and high temperature ranges respectively. 
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Figure 13 shows a picture of the 9170 in operation at FOS and Table 2Error! Reference 
source not found. gives an overview of the most important specifications for both models.  
 

 
Figure 13. Picture of the 9170 Metrology Well calibrator from Fluke. 

 
Table 2. General characteristics of the 9170 and 9173 Metrology Well calibrators. 

Property 9170 9173 
Temperature range -45°C to 140°C 50°C to 700°C 
Accuracy (full scale) ± 0.1°C ±0.2 °C at 425 °C 

±0.25 °C at 660 °C 
Stability ± 0.005°C ± 0.005 °C at 100 °C 

± 0.01 °C at 425 °C 
± 0.03 °C at 700 °C 

Axial uniformity (60 mm) ±0.1 °C at –45 °C 
±0.04 °C at –35 °C 

±0.02 °C at 0 °C 
±0.07 °C at 140 °C 

±0.1 °C at 100 °C 
±0.25 °C at 425 °C 
±0.4 °C at 700 °C 

Radial uniformity ± 0.01 °C full scale ±0.01 °C at 100 °C 
±0.025 °C at 425 °C 
±0.04 °C at 700 °C 

Hysteresis 0.025 °C 0.07 °C 
 
 
 Temperature calibrations from 0 to 60°C 

 
In the first instance, the temperature cross-sensitivity was determined from temperature 
calibrations from 0°C to 60°C with the 9170 calibrator. The temperature of the calibrator was 
varied like shown in Figure 14. The measurement unit was placed in the climatic chamber at 
constant temperature (20°C). The recorded wavelengths are presented in Figure 15 and the 
deduced calibration curves are shown in Figure 16.  
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Figure 14. Temperature profile as used for the temperature calibrations. 

 

 
Figure 15. Wavelength profiles as recorded during the temperature calibrations. 

 
From Figure 15 it can be seen that the data is of excellent quality: perfect stability and almost 
no detectable hysteresis. Indeed, the deviations between the data and the quadratic fit curve 
for both peaks are presented in Figure 17 and Figure 18 and are of the order of 2 pm (= 
repeatability of the interrogator under stable temperature conditions).   
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Figure 16. Temperature calibration data for both FBG-peaks. 

 

 
Figure 17. Difference between the calibration data and the quadratic fit curve for the 

low wavelength peak. 
 

 
Figure 18. Difference between the calibration data and the quadratic fit curve for the 

high wavelength peak. 
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The temperature cross-sensitivity of the sensor is in fact the residual temperature sensitivity 
that is present in the wavelength difference Δλ = λhigh - λlow. This difference is presented in 
Figure 19. The slope of the linear fit through the data is -0.022 pm/°C. With a pressure 
sensitivity of approximately 1 pm/bar this corresponds to a cross-sensitivity of -0.022 bar/°C. 
Alternatively, the cross-sensitivity can also be derived from the calibration coefficients from 
the individual calibrations as shown in Figure 16. From the difference in the linear coefficients, 
one gets a cross-sensitivity value of -0.027 pm/°C or -0.027 bar/°C. Both values are in good 
correspondence with each other.   
 

 
Figure 19. Wavelength difference (λhigh – λlow) as a function of the applied temperature. 

 
The value derived here is roughly an order of magnitude smaller than the value derived in 
section 2.1. It is however believed that the value as derived here is the correct one and that 
the value derived in section 2.1 also includes additional errors originating from the absolute 
wavelength accuracy of the unit. We know that the interrogator has an absolute wavelength 
accuracy that is specified to be 10 pm.  In section 2.1, the temperature cross-sensitivity is 
derived from a difference in offset values and the wavelength accuracy error adds up to the 
different offsets. Taking the difference between 2 offset values which are relatively close to 
each other (few 0.1 nm) might easily result into an accuracy error of a few picometer. In this 
section on the other hand the temperature cross sensitivity is derived from a difference in 
slope values and from a statistical point of view the absolute wavelength error will have less 
influence on the slopes than on the offsets. Therefore the method as adopted here is believed 
to be more accurate.  
 
 Temperature calibrations from 50 to 250°C 

 
Similarly like above, we have also performed temperature calibrations up to higher 
temperatures with the 9173 Fluke Metrology Well. As will be treated in section 2.4, the high 
temperature limit is around 250°C. Therefore we have done calibrations from 50°C up to 
250°C, see Figure 20. The recorded wavelengths are presented in Figure 21 and the 
extracted calibration data is shown in Figure 22.   
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Figure 20. Temperature profile as used for the temperature calibrations. 

 

 
Figure 21. Wavelength profiles as recorded during the temperature calibrations. 

  
Figure 22. Temperature calibration data for both FBG-peaks. 
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Again the data is of excellent quality: perfect stability and almost no detectable hysteresis. 
The deviations between the data and the quadratic fit curve for both peaks are presented in 
Figure 23 and are of the order of 2 to 4 pm. The hysteresis is still within the range of 2 pm but 
the deviation from the quadratic fit is slightly larger than compared to the previous calibration. 
This is most likely because the temperature range is larger so that probably also higher order 
temperature sensitivities come into play.  

 
Figure 23. Difference between the calibration data and the quadratic fit curve for both 

peaks. 
 
It should be noted that prior to this calibration, the thermal stability of the sensor was 
evaluated when being kept at 250°C. Keeping the sensor at 250°C has a significant impact on 
the sensor properties, as will be shown in section 2.4. But at the end of the ageing period, 
these effects were stabilized and so it can be assumed that the calibration up to 250°C 
contains no further ageing effects. 
 
From the difference in slopes between the temperature calibration curves from Figure 22 one 
can deduce the temperature cross-sensitivity and this results into a value of -0.0325 pm / °C 
or -0.0325 bar / °C. The value is slightly higher than before but this is probably related to the 
higher temperature range and the fact that the temperature dependence contains also higher 
order terms. But altogether, this value is in good correspondence with the previously obtained 
values. 
 
 Pressure calibrations with compressed air 

 
That the temperature cross-sensitivity is indeed very low was already nicely demonstrated via 
the pre-product prototype demonstrators as described in deliverable D5.4. Especially for the 
boiling water setup, where the temperature variations are of the order of 80°C, we could not 
see any correlation between the applied temperature and the measured pressure. It proves 
that the temperature cross-sensitivity is indeed of the same order of magnitude. With the 
above value of -0.03 bar / °C, we would expect an apparent pressure variation of -2.4 bar for 
an actual temperature increase of 80°C. Since this is of the same order as the repeatability of 
the unit, these variations could not be distinguished from the noise. 
 
To conclude this section, it can be stated that the temperature cross-sensitivity was 
derived via different methods. The final value is found to be in the range of -0.02 to 
-0.03 bar/°C.     
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2.3. Pressure dependence of the temperature 
sensitivity 

In the previous section, we discussed the temperature cross-sensitivity, which is a residual 
temperature dependence of the pressure sensitivity. In this section, we will briefly discuss the 
opposite effect i.e. the pressure dependence of the temperature sensitivity. It will be useful to 
know if there is any such effect in case we also want to use the sensor as a temperature 
sensor.  
 
To investigate this, we will re-evaluate the data from the pressure calibrations up to 100 bar at 
different temperatures from section 2.1. The data will be re-organized so that it shows the 
measured wavelengths as a function of temperature for various constant pressures. Figure 24 
and Figure 25 show the re-organized data from Figure 2 and Figure 3 respectively so that 
they represent temperature calibrations for various pressure settings.  

 
Figure 24. Re-organized data from Figure 2.  

 

 
Figure 25. Re-organized data from Figure 3. 

 
The different graphs where then fitted with a linear function in order to determine the 
temperature sensitivity as a function of pressure. The resulting values for both wavelengths 
are shown in Figure 26. 
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Figure 26. Deduced temperature sensitivities for the various pressure settings for both 

wavelengths. 
 
There are some variations but they seem to be random and they are relatively small (of the 
order of 1 %). Hence it can be concluded that within this temperature and pressure range 
there is no significant pressure dependence of the temperature sensitivity. A similar analysis 
should of course be done for a wider temperature and pressure operating range but this is 
more difficult to perform and in view of the above results it is considered to be irrelevant to 
perform at this stage. 

2.4. Thermal stability at 250°C 
The MSF sensor design is based on a Type I FBG. This type of FBGs is only resistant to 
temperatures up to roughly 250 to 300 °C. When being kept at these or higher temperatures, 
the FBGs will start to bleach and eventually they will completely disappear.  
 
The behaviour of the sensor at elevated temperature is an important aspect in view of the 
commercialization because the high temperature usage in combination with the high pressure 
ranges is a domain where this sensor can also surpass the current state-of-the-art sensors. If 
high temperature effects occur, it is thus important to know this. 
 
In view of this, the thermal stability at elevated temperatures was evaluated by means of a 
long term ageing at 250°C. For standard Type I FBGs, it is known that ageing in this 
temperature range results in a power drop that is accompanied by a wavelength shift. These 
variations are large in the beginning but they exponentially decrease over time. For the FBG 
in the Highly Birefringent MSF we therefore expect a similar behaviour but it is not sure how it 
will affect the wavelength separation of the double FBG-peak. This will be the main aim of the 
experimental test.  
 
The temperature profile to which the sensor was exposed is presented in Figure 27. Basically 
three temperature calibrations are performed from 50°C up to 250°C and back. One in the 
beginning, one after a first ageing period of 10 hours and the third one at a second ageing 
period of 120 hours. Hence in total the sample was kept for 130 hours (5.4 days) at 250°C.   
 
The evolution of the peak powers is presented in Figure 28. Clearly, there is a power drop for 
both peaks that is large in the beginning but that levels off during the rest of the experiment. 
Notice that the initial drop already occurs during the first calibration. This is a typical property 
of this type of FBGs: most of the power drop and wavelength shift occurs in the first few 
minutes (hours) at elevated temperatures. 
 
At around t = 60 h there was a power failure that interrupted the experiment. Later on, the test 
was resumed but it apparently induced a power drop of approximately 1 dBm. Most likely this 
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effect comes from the cooling and subsequent re-heating of the source during the short 
period of power interruption. Cooling and heating of the used optical sources is often 
accompanied by power variations of this order. 
 
After an ageing period of approximately 5 days, the power variations became marginally small 
and hence it was decided to stop the experiment.    

 
Figure 27. Temperature profile as used for the thermal stability test. 

 
Figure 28. Peak power evolution. 

 
The evolution of the peak wavelengths as recorded during the experiment is presented in 
Figure 29. A zoom for the high wavelengths is shown in Figure 30 (corresponding to T = 
250°C) and a zoom for the low wavelengths is shown in Figure 31 (corresponding to T = 
50°C). Initially, both wavelengths show a decrease, both at the low and at the high 
wavelengths, but at around t = 20 to 30 h the wavelengths start to increase. Most likely, this 
change in direction is an artefact from the measurement device, which is known to get largely 
inaccurate at peak powers below -50 dBm.  
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Figure 29. Wavelengths evolution. 

 

 
Figure 30. Zoom of Figure 29 for the high wavelengths region. 

 
 

1549.5

1550.0

1550.5

1551.0

1551.5

1552.0

1552.5

1553.0

0 20 40 60 80 100 120 140 160 180

t [h]

λ 
lo

w
 [

nm
]

1551.0

1551.5

1552.0

1552.5

1553.0

1553.5

1554.0

1554.5

λ high [nm
]

Low
High

1552.30

1552.35

1552.40

1552.45

1552.50

0 20 40 60 80 100 120 140 160 180

t [h]

λ 
lo

w
 [

nm
]

1553.8

1553.9

1553.9

1554.0

1554.0

λ high [nm
]

Low
High



WP 5 
D5.6 Proof-of-Concept Systems Characterization  
Doc. N°. 2011-033 
CONFIDENTIAL 

22 
 

 
Figure 31. Zoom of Figure 29 for the low wavelength region. 

 
The wavelength shifts for the individual peaks are largest when we look at the low wavelength 
region, see Figure 31, since this also includes the largest initial drop during the first calibration 
cycle. The drop is of the order of 70 to 80 pm for both peaks. The evolution of the wavelength 
difference (λhigh-λlow) is shown in Figure 32. There is a clear exponential drop visible and so no 
change in direction occurs here. The drop levels off after the 5-day ageing period and 
amounts approximately 15 pm (15 bar) in total. It indicates that the high temperature ageing 
has a slightly different effect on both FBG-peaks, resulting into an effective change of the 
wavelength difference. 

 
Figure 32. Evolution of the wavelength difference.  

 
The results from the temperature calibrations that were recorded during the same experiment 
are summarized in Figure 33 and Figure 34 and they confirm the same effects as observed 
above. The figures show the combined temperature calibration curves for the 3 cycles (left 
axis, diamonds). This data is then fitted with a quadratic fit curve (solid black line) and the 
deviations of the data with the fitted curve (Δλ) are presented for each cycle individually (right 
axis, squares, triangles and crosses). During the first cycle, one can observe a large 
hysteresis effect between the up going and down going steps that is at maximum of the order 
of 70 pm. The hysteresis becomes negligibly small for the second and third calibration cycles. 
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This confirms that the largest wavelengths shifts occur in the beginning of the ageing period. 
Next to this effect, we also see a shift in offset between the different cycles. The shift is first 
positive (between cycle 1 and 2) and then negative (between cycle 2 and 3). This change in 
direction was also observed in the wavelength evolution from Figure 29.   

 
Figure 33. Temperature calibrations and deviation of the quadratic fit per cycle for the 

low wavelength peak. 
 

 
Figure 34. Temperature calibrations and deviation of the quadratic fit per cycle for the 

high wavelength peak. 
 

To conclude this section, we can state that keeping the sensors at elevated temperatures 
induces some significant changes in power, wavelength and wavelength difference. In 
order to overcome these effects, the sensors will need to be given an annealing 
treatment at high temperature before usage and even before calibration for pressure 
and temperature. The annealing will make sure that the largest initial power drop and 
wavelength shifts have already occurred and this will ensure a much more stable sensor 
reading at elevated temperatures. In case this annealing is omitted, pressure errors of the 
order of 15 bar can be expected at operational temperatures of 250°C. Furthermore, in order 
to compensate for the expected power drops, it would be desirable to increase the initial peak 
powers.  
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2.5. Mechanical characterization of silica optical fibres 
In this final section of the characterization of the PHOSFOS silica sensor fibres, we focus on 
the mechanical tensile strength of these microstructured fibres. For the pre-product prototype, 
this information is relevant when considering the housing, packaging and connectorization 
procedures. Furthermore these sensors will be used in harsh conditions. For other application 
domains, such as for example the use of embedded PHOSFOS silica MSF sensors inside 
flexible polymer sheets or inside composite materials, the results presented here will 
determine the maximum stress that can be considered. This information complements in that 
sense the results that were reported in D4.6 on the interface properties of silica optical fibres 
embedded in polymer sheets. We emphasize that, to our knowledge, this is the first 
systematic study of the mechanical strength of microstructured fibres ever reported 

• The silica optical fibres under investigation 

Several types of optical fibres are under investigation, Table 3 and Figure 35 describe the 
different microstructure topologies: 

1. Five hexagonal lattice microstructured optical fibres with different external diameters 
(from 100 to 250 µm) and with approximately the same shape factor (Λ). 

2. A uniform silica glass rod fibre.  
3. A single mode fibre from Corning (SMF-28e). 

 
The five MSFs were fabricated from the same preform and drawn under nearly-identical 
drawing conditions. The photonic structure was stacked from capillaries drawn from the same 
silica tube. The rod glass fibre (n°6) fabricated via the same draw-tower is also tested. These 
MSFs were manufactured by UMCS on purpose and in a systematic manner for these 
experiments. A protective coating, mostly made of acrylate polymer was applied to the fibres 
on the drawing tower to prevent damaging the fibres easily and to allow their manipulation. 
The SMF28e from Corning (n°7) is used as the reference fibre. The average fibre diameter 
and the microstructure dimensions are assumed uniform all along the fibre.  
 

Table 3. Geometrical description of the studied fibres 
 Fibre number Fibre type D (µm) d (µm) Λ (µm) d/Λ 

n°1 110212/1/0-100 PCF – hexagonal lattice 252 3,3 8,4 0,39 
n°2 110212/2/110-210 PCF – hexagonal lattice 200 2,5 6,7 0,38 

n°3 110212/3/250-350 PCF – hexagonal lattice 150 2,0 4,9 0,41 

n°4 110212/4/410-510 PCF – hexagonal lattice 125 1,8 4,2 0,43 
n°5 110212/5/555-655 PCF – hexagonal lattice 102 1,4 3,4 0,41 

n°6 100913/1/300-400 Silica rod  125 / / / 

n°7 SMF28e – Corning SMF fibre 125 / / / 
 

(a) (b) (c) (d) 
Figure 35. (a) MSFs micro-structure. (b) SEM micrograph of fibre n°4. (c) SEM 

micrograph of fibre n°5. (d) SEM micrograph of fibre n°6. 
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The mechanical test results will be analyzed with the Weibull theory, which has been 
commonly used to characterize the statistical variation in the fracture strength of brittle 
materials1. For sake of clarity, we briefly introduce this technique in the following paragraph. 
 
The Weibull theory is based on a “weakest link theory”; this concept postulates that failure of 
the body of a material containing a large number of statistical independent volumes is 
triggered by the failure of one of the reference volume. The two-parameter Weibull cumulative 
distribution function is given by the following equation. It represents the fraction of samples of 
volume V which fails at or below a stress σ. 

 
where σ is the applied stress to the fibre during the test, V is the fibre volume tested, V0 is the 
volume of a unit link or segment (volume at which Weibull parameters are defined), σ0 is a 
scale parameter. The m-parameter is called the Weibull modulus. For identical fibres and for 
the same gauge length, the previous equation can be simplified to the more familiar Weibull 
form:  

 
 

The plot of ln[ln(1/(1-P))] versus ln(σfailure) allows extracting the m-parameter and the σ0 
constant which, respectively, correspond to the slope of the linear fit of the curve and to the 
intercept of the curve with the y-axis. The m-parameter characterizes the defect size 
dispersion population of the tested optical fibre. 
 
• Dynamic tensile tests 
 
The fibres were subjected to a deformation under a constant velocity until rupture. The two 
fibre ends are rolled up on capstans that are 7 mm in diameter and covered with double face 
adhesive to avoid sliding of the fibre during the test (see Figure 36). The fibre end is protected 
with rubber slices in the tightening part of the machine grip. The experiments are carried out 
in the laboratory atmosphere at 22°C. For the MSFs, the stress at failure is calculated using 
the effective area of their cross-section. Samples that fractured in the gripping cylinder or near 
them are discarded from the analysis. A minimum of 15 samples was measured for each fibre 
type. 
 

 
Figure 36. Dynamic tensile test set up 

 
A first comparison is drawn between the fibres n°4, 6 and 7 which are 125 µm diameter fibres. 
The Weibull plots of the three fibres are given in Figure 37. The plots are fitted by a coherent 
unimodal Weibull law according to the fitted coefficient R² > 0,930. The Weibull law 

                                                      
1 W. Weibull, A statistical distribution function of wide applicability, J. Appl. Mech. 18 (1951) 293–297. 

Fibre gauge length Rubber slices placed in 
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parameters are gathered in Table 4. As seen in Table 4, the m-parameters of the 3 fibres 
present significant differences: the m-parameter of fibre n°7 is twice the value of that of fibre 
n°6 and four times that of fibre n°4. This implies that the distribution of faults of fibre n°7 is 
narrower than that of fibres n°6 and 4. This may be understood as the result of the proof 
testing performed on fibre n°7 by the manufacturer (SMF28e from Corning). The eventual 
faults at the fibre surface are mostly due to the handling of samples while installing them in 
the test bench. Both fibres n°4 and 6 were processed at UMCS and were not submitted to the 
same proof testing after fabrication. Thus, the weaker sample pieces are not discarded from 
the fibre reel. Therefore, the failure strength distribution of fibre n°7 is much narrower than 
those of fibres n°4 and 6. The MSFs present the smallest m-value, which indicates a larger 
distribution of faults all along the fibre than the dummy fibre. Since the MSFs cross-section is 
made of air-holes running all along the fibre, the microstructure may be responsible for 
additional flaw populations. Moreover, the MSF manufacturing process is more complex than 
that of SMF; it requires numerous temperature changes of the silica glass, which may be the 
reason of the great difference of flaw populations. 
The mean fracture stress decreases of 29% from fibre n°6 to fibre n°4 and from 32% from 
fibre n°7 to fibre n°4. The air-hole microstructure leads to a decrease of the fracture stress 
although the failure stresses remain at the same order of magnitude and are thus still 
acceptable for the targeted applications. 
 

 
(a) (b) 

Figure 37. Weibull plots for fibres n°4, 6 and 7 in a comparative way. (a) Weibull plot: 
ln[ln(1/(1-P))] versus ln(σfailure). (b) Cumulative failure probability versus failure stress. 
 

Table 4. Fitted Weibull parameters of fibres n°4, 6 and 7. 
Type of sample m R² σ50% (GPa) 

Fibre n°4 3.680  0.965 3,116 
Fibre n°6 6.459  0.937 4,421 
Fibre n°7 12.494  0.938 4,588 

 
The same test was performed on all the fibre batches and the results are gathered in Table 5. 
Because the geometrical dimensions of the fibres under study are different, a direct 
comparison between the extracted parameters from Weibull law is not possible. Nevertheless, 
it shows that the flaw distribution for all the MSF types is similar (m-parameter of the same 
order of magnitude) and that the mean failure stress decreases when the air-hole diameter 
increases (see Figure 38).  
 

Table 5. Results of the Weibull analysis for all the fibre types 
Type of sample m R² σ50% (GPa) 

Fibre n°1 3,801 0,924 1,156 
Fibre n°2 1,853 0,932 1,359 

Fibre n°3 4,139 0,937 2,095 



WP 5 
D5.6 Proof-of-Concept Systems Characterization  
Doc. N°. 2011-033 
CONFIDENTIAL 

27 
 

Fibre n°4 3,680 0.965 3,116 

Fibre n°5 4,879 0,932 3,908 

Fibre n°6 6,459 0,937 4,421 

Fibre n°7 12,494 0,938 4,588 
 

 

 
Figure 38. Relation between the mean stress at fracture and the air-hole diameter of the 

MSFs and of the external diameter of the OFs. The legend figures correspond to the 
fibre numbers. 

 
• Humidity effects on silica micro-structured optical fibres 
 
It is well known that the strength of an optical fibre can be substantially influenced by stress 
corrosion. In order to assess this dependence for the PHOSFOS MSFs the strength and the 
mechanical behaviour of optical fibres aged in hot water were studied by two-point bending 
tests and the results were again analysed with the statistical Weibull method. The fibres 
subjected to ageing were soaked into large tanks containing deionised water at 70°C for 
different durations ranging between 1 to 8 days. 
 
While a bending method does not replace tensile testing as a fibre strength measurement 
technique, it presents interesting features and advantages, providing information about flaw 
size distribution. In our case the small effective length of the fibre samples made the bending 
test the most appropriate choice for investigation. The two-point bending fixture in which the 
fibre is bent in a “U” shape between two faceplates is shown in Figure 39. The bending force 
is applied manually by turning the micrometer screw until the fibre breaks and the fracture 
stress is deduced using the distance between the two faceplates. The experiments are 
carried out in the laboratory atmosphere at 22°C. At least, 20 samples have been tested per 
fibre type. 
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(a) (b) 

Figure 39. (a) Scheme of the bending set-up. (b) Experimental two-point bending 
bench. 

 
The stress (σ) and strain (ε) at break are calculated using the relations defined by Griffioen2 
and Matthewson3 i.e.: 

 
 

with E0 denoting the silica Young modulus and α’ a parameter of non-linear elasticity. df 
denotes the silica fibre diameter, d is the faceplate separation at fracture and d0 is the overall 
fibre diameter including the coating material.  
 

(a) (b) 
Figure 40. Weibull plots ln[ln(1/(1-P))] versus ln(σfailure) for different ageing durations. (a) 

Fibre n°1. (b) Fibre n°4. 
 
The combined effect of temperature and humidity with ageing time results in a decrease of 
the failure stress and a distribution broadening for all the fibre types (see Figure 40 and Table 
6). These evolutions are due to the fibre stress corrosion damaging the silica surface. 
Moreover, after 4 days in deionised water, the Weibull distribution splits into two modes: a 
very weak fibre sample and a sample with moderate decrease of the fibre strength. This bi-
modal behaviour can be explained by coating degradation, which could localise the strength 
reduction.  The MSFs failure stress decreases with about 50 % while the reference fibre n°7 
suffers only of a 6% decrease. This different evolution in failure strength is most likely 
accounted for by the difference in coating type. The fibre n°7 is two-layer coated (a soft one 

                                                      
2 G.S. Glaesemann, S.T Gulatti and J.D Helfinstine, "Effect of strain and surface composition on 
Young's modulus of optical fibers", Tech. Digest 11th Opt. Fiber Comm. Conf. TUG5, 26 (1988). 
3 Matthewson M.J., Kurkjian C.R., "Strength measurement of optical fibers by bending," J. Am. Ceram. 
Soc., 69 [11] 815-21 (1986). 

Micrometer screw 

Fibre 



WP 5 
D5.6 Proof-of-Concept Systems Characterization  
Doc. N°. 2011-033 
CONFIDENTIAL 

29 
 

inside and a harder one outside) while the MSFs have a single acrylate coating which might 
be more permeable to water than the commercial ones.  
 

Table 6. Results of the Weibull analysis for all the fibre types versus ageing duration. 

Ageing duration 0 day 2 days 8 days 

Type of sample m σ50% (GPa) m σ50% (GPa) m σ50% (GPa) 

Fibre n°1  41,00  4,06  33,97  3,16  30,88  2,46  

Fibre n°2  53,83  4,97  27,12  3,08  30,88  2,46  

Fibre n°3  38,34  5,01  24,11  3,08  18,81  2,49  

Fibre n°4 35,51  5,08  23,19  3,57  20,53  2,49  

Fibre n°5  34,06  5,09  26,82  3,02  23,15  2,58  

Fibre n°6  36,65  4,84  31,06  3,37  28,32  2,92  

Fibre n°7 48,22  5,52  83,76  5,23  70,82  5,21  

 
The results of this mechanical characterization indicate that the microstructure and the 
coating type of our PHOSFOS MSFs cause a significantly lower failure stress in comparison 
with the commercially available telecom fibre and a more rapid degradation of the failure 
stress when exposed to water. Although lower, the overall values of the failure stress for the 
MSFs are approximately on the same order of magnitude as that of the commercially 
available fibre for which the fabrication procedure has been optimized over several decades 
and for which quality verification is in place prior to their sale. The results for our PHOSFOS 
fibres are thus very encouraging since we have been able to show that their 
mechanical strength behaves as expected and will be no show-stopper for any of the 
application areas considered. 
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3. Polymer proof-of-concept systems evaluation 
As already described in the report for Deliverable D5.5 we delivered 3 proof-of-concept 
systems: 
1. a tubular sensor with multiplexed array of FBGs in POF for gastro-intestinal pressure 

sensing;  
2. a polymer sheet sensor with 1 polymer FBG embedded in a flexible skin for strain 

sensing;  
3. a flexible skin with an embedded light source, detector and silica FBG for strain sensing 

(with blue tooth connectivity and remote display/data logging).  

3.1. Proof-of-concept system with multiplexed FBG array 
The first proof-of-concept system is a tubular sensor element targeted at those interested in 
gastro-intestinal pressure sensing (see Figure 41). This system required the development of 
a new low cost sensor interrogator and the ability to embed an array of polymer FBGs in a 
flexible tube. We opted to work with in the wavelength range around 850nm, which is a low 
loss window for POF and also allows us to use low cost optical components. The final 
architecture for POF proof-of-concept system 1 and the wavelength-multiplexed sensor 
element were reported in D5.5. 
 

Exalos
SLED

Sensor
tube with 
embedded 
FBGs

Sensor interrogator

Ocean Optics 
Spectrometer

 
Figure 41. Gastro-intestinal pressure sensor concept.  

• Sensitivity tests 
 
In the initial tests in D5.5 the sensor was tested by transversally loading the sensors with an 
increasing amount of weight. The response of the device was also tested with larger forces, 
see Figure 42. It can be seen that the response of the POFBG is a factor of 0.838/0.276 = 
3.04 times greater than the silica device. It should be noted though that because of the 
different wavelengths of the two devices, the same strain would produce a wavelength shift in 
the silica device larger than that in the POF by the ratio of the wavelengths, namely 1.87. 
Consequently in terms of normalized sensitivity, the POF device performs a factor of 3.04 x 
1.87 = 5.68 better than that based on silica fibre. 
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Figure 42. Loading scheme Response of silica and POF sensors to larger forces on the 
beam. 

 
Typical oesophageal calibration measurements are performed with applied loads between 0 
and 200 g4. End user requirements typically include a pressure range of 300 mmHg and a 
resolution of 1 mmHg. Also the amount of multiplexed sensors has to be further increased to 
10 sensors separated by a typical distance of 2 cm. 
 
To test the performance of this system further when subjected to a radial force, as will be the 
case in use, a number of tubes of different weights were rolled along the sensor. For each set 
of data shown in Figure 43 the tube was rolled up and down the sensor several times which 
explains the number of peaks shown. When there are two peaks close together this is 
because the tube reached the end of the sensor and then the direction of movement was 
reversed.  
 
From the results in Figure 43 it is possible to see that the system is sensitive to both the 
amount of pressure on the tube (amplitude) and the size of the object causing the pressure 
(from the width of the peaks, although this is also dependent on the speed that the tube is 
rolled at).  
 
There is some variation on the sensitivity of the device that depends on the orientation of the 
tube.  This is because the samples supplied so far do not have the POF FBG array positioned 
exactly in the centre of the tube.  

                                                      
4 C. O. H. Russell, N. Bright, G. Buthpitiya, L. Alexander, C. Walton, G. Whelan, “Oesophageal 
propulsive force and its relation to manometric pressure”, Gut, 33, 727-732, 1992. 
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Figure 43. Rolling tests with different sized (and weight) tubes. 

 
• Stability tests 
 
The noise on the interrogation system is dependent on the integration time of the 
spectrometer detector, the quality of the gratings, the quality of the coupler (especially with 
respect to the performance for different modes) and the amount of signal power that results 
from the spectral shape of the light source. A certain amount of signal processing had to be 
incorporated into the software to optimise the system performance by filtering out system 
noise.  
 
For POF gratings the unaveraged noise level (peak to peak) was between 16-36 pm, Figure 
44, depending on the grating reflectivity (although this assumes that the gratings were not 
picking up any actually vibrations or temperature fluctuations in the room).  For silica FBGs in 
few moded fibre (and using the same multimode coupler) the noise was only ~ 2pm.  
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• Specifications of the interrogation system 
 
The development work and system specifications for this proof-of-concept system (and 
incorporating results from demonstrator 2) are shown in Table 7. Tests are still on-going with 
the systems and as the software evolves various parts of the specification will change.  
 

Table 7. Summary of interrogator development 
 
Interrogation Unit 

 

Component parts Status Notes 
 
Stabilised Internal Power supply 
 

 
Completed, April 2011 

 
Fully tested, system runs off 12-18V 
dc input.  

 
Internal laser driver 

 
Version 1 completed April 2011 
Version 2 completed August 2011 

 
Fully tested, version 2 is smaller 
than previous version to allow more 
space for fibre management 
 

 
Software 

 
Version 1 completed May 2011 for 
IUC meeting 
 

 
Version 2 currently underway 

 
Mechanical housing 

 
Design completed April 2011 

 
System completed May 2011 
 

 
Optics 
Component parts Status Notes 
 
Optical layout  

 
Completed April 2011 

 
Some tests ongoing with different 
fibre couplers and fibre combinations 
to optimise performance 
 

 
Embedding skin and tube 

 
Completed for IUC meeting 

 
Position of fibre within tube shown to 
be important for repeatability.  
 

 
Specifications 

Silica POF 
 

Type source: SLED, 850nm 
Fibre: few moded 

Coupler: multi-mode 
Wavelength resolution: 2-3 pm 

Noise (unaveraged): 2pm 
Scan rate: ~100Hz 

Number of channels: 1 
Number of sensors: 10+ 

 
Type source: SLED, 850nm 

Fibre: multimode 
Coupler: multi-mode 

Wavelength resolution: 20 pm 
Noise (unaveraged): 10-30pm 

Scan rate: 10Hz 
Number of channels: 1 
Number of sensors: 3+ 

 
 
Table 8 compares the target and achieved specifications. Tests to date are promising and 
show that most of the performance targets have been met. The target resolution is 
slightly on the low side for both the few-moded mode silica (but with multimode coupler) and 
multimode POF devices. The biggest issue is the noise on the POF sensor, which stems from 
the multimode nature of the grating and FBG. Whilst signal processing and the use of higher 
quality couplers have significantly reduced the effect it still limits the performance of the POF 
sensor. Recently single mode POF gratings have been written by AU and these will be tested 
shortly. It is believed that moving to a few moded system may produce the extra 
resolution required since it will decrease the noise on the FBG spectrum due to shifts in the 
measured central wavelength as the power distribution across the reflected modes varies. 
However, these fibres are still not commercially available so can only be looked at as a future 
commercial solution. 
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Table 8. Comparison of achieved and target specifications 
 Target 

specification 
Achieved specification Comments 

  Silica POF  
Diameter ~ 4mm 4.65mm 4.65mm  
Radial pressure 
resolution 

1 mmHg 2pm 
1.36 mmHg 

20pm  
2.4 mmHg 

In D5.2 a 74 g load was found to be 
equivalent to 9 mmHg. From Figure 42 
100g produces about 100pm shift in 
wavelength for a POF sensor. Silica is 
5.68 less sensitive. We need to look at 
averaging to see if this result can be 
improved to meet the target specification. 
Recently FBGs have also been made in a 
single mode POF fibre at 850 nm and 
these may give the improvement required 
(see above).  

Measurement 
range 

300 mmHg   
not as 

repeatable for 
silica in 

current tube 

 2400 g ~ 2400 pm for POF. This level of 
shift has been seen in rolling results 
Figure 37. In silica this will correspond to 
a wavelength shift of ~420 pm which has 
been seen in pull tests but will show 
hysteresis.  
One sample broke during testing due to a 
break at or near the connection point 
which needs to be well protected.  

Number of 
sensor elements 

3 per fibre   Achieved. Adding additional sensors is 
possible with suitable phase masks.  

Readout 
bandwidth 

~10Hz 100Hz 10Hz This can be increased if the data is 
collected and then displayed. This is 
power dependent – a higher power 
source or lower splice losses would allow 
the POF data rate to increase.  

Separation 
between sensors 

~10 mm   This is mainly determined by fibre loss. 
Larger separations have also been 
achieved due to the shift to lower 
wavelengths. 

Operating 
temperature 

Body 
temperature 

  Gratings and tubes survive higher 
temperatures.  

Connector FC/APC   Connectorisation issues to POF have 
been overcome during project 

3.2. Proof-of-concept system with flexible skins 
As mentioned in the report for Deliverable D5.5 the second POF proof-of-concept system was 
split onto two devices. This approach was agreed upon because the partners (IMEC, VUB, 
CUT, AU & AS) were worried that the system as originally targeted might not be ready in time 
for the 2nd Benefits for Industry meeting. At the same time however the two alternative 
systems allowed finalizing the work on the integrated interrogation system and comparing 
silica with POF FBGs when embedded in a flexible polymer sensing skin. Together, these 
systems thus make it still possible to collect the required data, perform the necessary 
characterization and draw the relevant conclusions. 
 
We first discuss the flexible skin that allows comparing the POF FBGs developed within 
PHOSFOS with a standard silica FBG. This proof-of-concept system used the interrogation 
system developed for the first POF system with some software modifications such that it 
could be used for respiratory function applications. A schematic of the system, a description 
of the bending skin arrangement on a Perspex plate and of the software modifications were 
given in D5.5. 
 
• Performance tests 

 
A number of different tests were performed with this configuration to understand the 
performance of the system. Initially static load tests were carried out where small weights (3 -
4.5 g) were placed on the end of the Perspex plate to make it bend. Example results are 
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shown in Figure 45 using a few moded silica grating. It is possible to see the low noise of the 
system. The spikes that are seen at the start of some steps are to do with the operator 
applying a force when placing the weight on the Perspex sheet. It should be noted that not all 
the weights were the same size. There is also some creep in the measurement, which is 
typical of the silica sensors in these flexible polymers.  
 

 
 
Figure 45. Tests with static loading of the Perspex plate and monitoring the silica fibre 

FBG. 
 
Another test was performed to look at the dynamic response of the system. The Perspex 
beam was lightly tapped and the response of the silica sensor recorded. Figure 46 clearly 
shows the vibration decay with >10 Hz acquisition rate and low noise.   On this instance the 
data rate was actually around 50 Hz. For silica gratings where the minimum detector 
integration time is used the system can run close to 1000 Hz for batch data acquisition where 
no graph is displayed. When the data is displayed in real time the acquisition rate depends on 
the speed of the computer. In this instance a fairly slow laptop was being used. When a faster 
computer is used data rates of ~100 Hz are seen.  
 
When the embedded polymer sensor was tested several things were noted. Firstly the 
reflected power into the spectrometer is significantly lower which means that the detector 
integration time has to be increased which decreases the data acquisition rate to around 
10Hz. This meant that the system was not fast enough to record the vibrations from tapping 
the Perspex sheet. Figure 47 shows the response to small amounts and larger amounts of 
bending of the Perspex plate.  Two things are important to note a) the amount of 
wavelength shift is higher for the POF grating than the silica sensor and b) the POF 
grating does not show the same creep as the silica FBG.  
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Figure 46. Tests with silica fibre monitoring the signal when the Perspex sheet is 

gently tapped (top) and expanded section (bottom). 
 

 

 
Figure 47. Tests with POF fibre monitoring the signal when the Perspex sheet is gently 

bent (top) and where a larger force is exerted (bottom). 
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In parallel to these tests, and to facilitate knowledge transfer between IMEC and AS, AS also 
used some facilities at AU to produce a larger skin approximately 30x50  cm² in size. In the 
initial test we used a grating at 1552 nm in silica fibre. When the sheet was held against the 
chest it was possibly to monitor respiration.  
Figure 48 shows the output for normal, deep and shallow breathing and the difference 
between the three states can be clearly seen. We have embedded polymer and silica 
FBGs in a second test piece that is currently under test.  
 

 
 
Figure 48. Tests with silica fibre embedded in a thick skin using a spectrometer to read 

peak data. 

3.3 Proof-of-concept system with integrated 
optoelectronics 

 
The integrated FBG interrogator that was part of the second proof-of-concept system could 
not be demonstrated in combination with POF grating for the reasons outlined in the report of 
Deliverable D5.5. Here we report on the device that was designed to alternatively 
demonstrate the PHOSFOS embedding technology and incorporates the optical source and 
detector in a skin. A schematic of the system and of the electronics and optoelectronics 
involved were shown in D5.5. 
 
Basic characterization tests are included in this deliverable, showing the potential of this 
system as a low-cost, compact and fully-embedded fibre Bragg interrogation device. AS have 
a fully working system on a single PCB using a commercially available VCSEL and detector. 
The electronics (including battery), optical source and detector and Bluetooth module fit 
currently within a 30.5x125x160 mm³ aluminium case and interface with either an android 
display/laptop or via a bnc output to a commercial monitoring system. 
 
The resolution is estimated to be in the region of 5 pm based on the digitisation levels, slope 
of the grating and noise level observed. This could be increased by using longer gratings but 
meets the target specification for respiratory monitoring although is not yet at the level for 
cardiac monitoring. The data acquisition rate is set by the microcontroller which also controls 
data averaging. For respiratory monitoring a fairly low data rate is required. Figure 49 shows 
the output of the system that was set to operate at around 20 Hz to monitor a periodic 
bending motion. 
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Figure 49. Monitoring of slow periodic strain. 

 
Currently the maximum speed for data acquisition is about 250Hz which is well beyond the 
requirement for the respiratory monitoring. Figure 50 shows the response of the system from 
tapping on the Perspex plate used for the IUC demonstration. 
 

 
Figure 50. Monitoring of higher frequency vibrations. 

 
At the same time as this development various parts have been tested separately and these 
results are detailed below.  
 
At IMEC the performance of the devices was tested using commercial data acquisition 
hardware. The interrogation scheme used is schematically shown in Figure 51. A VCSEL is 
used as a fibre optic driving unit and a photodiode is used to read-out the transmitted power. 
An electrical driving unit is needed to modulate the electrical current in the VCSEL and this 
way enabling the VCSEL wavelength red-shifting. Depending on the separation of the 
different Bragg gratings, this system has limited possibility to read-out multiplexed fibre 
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sensing points. A data acquisition board linked to a computer is used to store and visualize 
the photocurrent through the integrated photodiode. 

Figure 52 shows a basic example of the interrogation scheme. In Figure 52 (a), the VCSEL is 
modulated with a sawtooth signal and the optical power and wavelength are varying 
accordingly. Figure 52 (b) shows the response of the photodetector current when a Bragg 
grating is measured in transmission. The photocurrent is depicting the sawtooth driving signal 
and the grating filter characteristic. Combining the data in Figure 52 (b) with the data from a 
VCSEL calibration measurement enables us to filter the sawtooth signal and isolate the 
grating response in the photocurrent signal Figure 52 (c)). Assuming the VCSEL is modulated 
using a frequency f, each 1/f seconds a new full spectrum reconstruction is available. 
Assigning a colour to the relative wavelength intensity results in a complete spectral 
reconstruction Figure 52 (d)) in which the intensity is depicted for each wavelength every 1/f 
seconds. 

VCSEL photodiode

DRIVER
[Amplitude 
modulation]

DAQ (ADC)
[Amplification 
and read-out]

FBG sensing elements

Interrogator 
[transmission 
measurement]

 
Figure 51. Interrogation system block diagram. 
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Figure 52. Interrogation scheme example. (a) The VCSEL is modulated with a sawtooth 
signal. (b) A Bragg grating is measured in transmission. The photocurrent is depicting 

the sawtooth driving signal and the grating filter characteristic. (c) Combining 
calibration measurements and the functional signal leads to (d) a full spectral 

reconstruction. 
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To characterize the fully embedded system, a dedicated set-up is built in which a few-mode 
silica fibre with a Bragg grating is used. As a reference, the transmission spectrum of this 
grating is recorded using a compact fibre pigtailed Exalos Superluminescent light-emitting 
diode (SLD) and an Agilent 86142B optical spectrum analyzer (OSA), shown in Figure 53. 
The fibre is then clamped between two stages accommodated with micro-screws to apply a 
uniform strain on the Bragg grating. 

 
Figure 53. FBG in transmission using Exalos SLD and an Agilent 86142B OSA. 

The fully embedded interrogation scheme was discussed earlier and consists of an 
embedded VCSEL (see deliverables D4.3 and D4.7) which is actively coupled to a single 
mode fibre to maximize the power coupled to the fibre Bragg grating and an embedded 
detector which is fibre coupled as described in D4.8, see Figure 54. Driving the VCSEL is 
done using a 1 kHz sawtooth current signal and the VCSEL is modulated between 2 mA and 
4 mA. A linear relation between electrical current and VCSEL wavelength is assumed. The 
photocurrent signal (a measure of the transmitted optical power) is amplified in a negative 
feedback loop and filtered to clear the signal from high frequency noise. A National 
Instruments data acquisition (DAQ) board is used to read out and store the functional 
photocurrent data and the DAQ read-out frequency is set at 105 samples per second. 
Consequently, every millisecond a new spectral waveform is available and each waveform 
consists of 100 data points. 

Integrated 
VCSEL

 
Figure 54. (left) Embedded and fibre coupled photodetector and (right) a single mode 

silica fibre aligned on top of an integrated thinned VCSEL chip. 

In this configuration the total VCSEL tuning range was 1.783 nm yielding a spectral resolution 
accuracy of 17.83 pm. Table 9 is summarizing the test set-up driving parameters. Increasing 
the VCSEL modulation frequency or photodetector sampling frequency can further enhance 
time and spectral resolution of the system. The upper limit for the modulation frequency in this 
simple approach was experimentally determined around 20 kHz. Beyond this limit, the 
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wavelength-current relationship of the VCSEL starts to fade. By using pulse width modulation 
or other more advanced signal processing techniques, one could further enhance the 
resolution values. 

Table 9. Parameter overview of the embedded interrogation test set-up. 
Parameter Value 

Dynamic range VCSEL λfundamental, start = 855.877 nm 
λfundamental, end = 857.660 nm 

Driving frequency VCSEL 1 kHz 

Read-out frequency photodetector 100 kHz 

Read-out filter cut-off frequency 1 MHz 

A calibration measurement is necessary in order to filter out the optical power fluctuations and 
to come up with relative wavelength intensities. During the functional test, a manual strain of 
0.954 mstrain was applied by loading the fibre with a microscrew (resolution of 10 μm). The 
relative wavelength intensities are colour plotted as a function of time in Figure 55 
(measurement principles are discussed in Figure 52). This figure displays a dynamic 
measurement of the FBG during manual straining and releasing of the fibre. The different 
straining and releasing steps are clearly visible. A more detailed view of t = 14 s to t = 15 s 
(containing 1000 spectral measurements) is shown in Figure 56.  

In order to experimentally verify the strain that was applied, the minimum wavelength intensity 
is tracked over time. A maximum wavelength shift of 0.760 nm is obtained at t = 12.96 s. 
Silica fibres have a typical strain sensitivity of 1 pm/μstrain translating the experimental 
wavelength shift into 0.760 mstrain. Comparing this value to the theoretical strain of 0.954 
mstrain indicates the occurrence of partial slippage of the fibre in the fibre clamps as the 
microscrew displacement is not fully transferred into strain on the fibre. 

More advanced analysis of the spectral response of the FBG is now possible on a very 
accurate scale, both in time and wavelength domain. Different snapshots of the optical 
spectrum are shown in Figure 57, Figure 58 and Figure 59. One can extract the shift in peak 
wavelength but also other information, not measurable with traditional peak-tracking systems, 
such as peak deformation or the introduction of birefringence (Figure 55, t = 7 s and snapshot 
in Figure 58) is visible. 

 
Figure 55. Dynamic measurement of the FBG using the fully embedded system 

[wavelength intensity vs. time]. 
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Figure 56. Dynamic measurement of the FBG using the fully embedded system 

[wavelength intensity vs. time], detailed view. 

 
Figure 57. Snapshot of the spectral information at t = 1s [intensity vs. wavelength]. 

 
Figure 58. Snapshot of the spectral information at t = 7s [intensity vs. wavelength]. 
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Figure 59. Snapshot of the spectral information at t = 10s [intensity vs. wavelength]. 

 
• Current System Specifications 
 
The current situation for this demonstrator is summarized in Table 10 below. All of the 
component parts appear to be working. The tuning VCSEL is able to measure an FBG with a 
good degree of accuracy and has been locked to an FBG edge for measurement purposes. 
Generated data that has a similar frequency to respiratory function has been successfully 
transmitted to an Android tablet and displayed in a graphical interface that can also display 
stored data. Because the embedded optoelectronic parts have only recently been available 
the final system is still being built so only test data for individual components exists. It is 
anticipated that the system test results will be available for the final review meeting.  
 

Table 10. Summary for POF proof-of-concept system 2 
Interrogation Unit  
Component 
parts 

Status Notes 

Stabilised Internal 
Power supply 

Completed, 
April 2011 

Working – voltage supply as required.  

Internal laser 
driver 

Version 1 
completed 
April 2011 
Version 2 
completed 
August 2011 

Working – graph below shows comparison two measurement systems – an integrated 
VCSEL and Photodetector (blue) and a standard SLD measurement (red) 

 
 

Internal receiver Version 1 
completed 
April 2011 
Version 2 
completed 
August 2011 

Completed – all the electronics were working with commercial devices and prior to the 
2nd Benefits for Industry workshop were working separately with IMEC devices. The 
graphs below show the power received as a function of current injected into the VCSEL 
and a dynamic response to vibration events.  
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Software 
(microprocessor 
&Bluetooth with 
Labview user 
interface) 

Version 1b 
completed 
May 2011 
for IUC 
meeting 

Demonstrated at IUC meeting, no longer used as have switched to Android device 

Software 
(Android) 

Completed 
August 2011 

Working – tested with computer generated data with similar update rate as system.  

 
Mechanical 
housing 

Completed 
August 2011 

Small metal box at this stage containing all of the drive electronics and batteries.  

Optics 
Component 
parts 

Status Notes 

Optical layout  Completed 
April 2011 

Multimode fibre pigtail to source and a few moded FBG in silica fibre selected. 
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Embedded FBG Completed 
for IUC 
meeting May 
2011 

Completed – the skin was tested with the pressure sensor interrogator and works well. 
There is a little hysteresis for large strains. This can be filtered out for dynamic 
measurements.  

Embedded 
detector 

Completed 
for IUC 
meeting May 
2011, new 
samples 
completed 
August 2011 

Embedded 
VCSEL 

Completed 
for IUC 
meeting May 
2011, new 
samples 
completed 
August 2011 Integrated 

VCSEL

All components in 
embedded skin 

Not yet 
completed at 
time of 
writing 
report 

 

 
Summary of specifications for respiratory application based on silica FBGs  
 

Target specifications  Achieved specifications  
 

 Spectrometer based system 
 

VCSEL based system 

Type source: VCSEL, 850nm 
Fibre: multimode spliced to few moded 
Coupler: not included 
*Wavelength resolution:  7pm 
(respiratory) 0.2pm (cardiac) 
*Measurement range: 200pm 
(respiratory) 14pm (cardiac) 
Scan rate: >50Hz 
Number of channels: 1  

Type source: SLD, 850nm 
Fibre: multimode spliced to few moded 
Coupler: multimode or singlemode 
Wavelength resolution:  2.5pm 
Measurement range: >200pm for FBG, 
>2nm for system 
Scan rate: 100Hz 
Number of channels: 1  
Number of sensors: 10+ 

Type source: VCSEL, 850nm 
Fibre: multimode spliced to few 
moded 
Coupler: not included 
Wavelength resolution: **17.8 pm, 
*** ~ 5 pm 
Measurement range: >700pm for 
FBG, 2nm for system 
Scan rate:  **1kHz  
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Number of sensors: 1 
 
* ultimately this depends on the fibre 
separation and at the moment we have 
only been able to test single FBGs. There 
is a linear relationship between 
wavelength resolution and measurement 
range so if the resolution is 10x higher so 
is the required measurement range 

 Number of channels: 1  
 *** Number of sensors: 1 
 
** with DAQ card in lab, not using 
peak fitting. TBC for standalone 
electronics 
*** for custom microcontroller system 
**** may possibly be multiplexed if 
the number of detectors is increased 

 
As mentioned earlier, we could not deliver the complete system that combines the integrated 
interrogator with the embedded POF gratings. Despite the inability to produce the targeted 
device today, we still believe that the architecture that was proposed for this POF system 
holds considerable potential. To motivate this statement we give a short overview of possible 
improvements that could enable the use of POF gratings in the fully embedded approach. 
• Enhance the strength of the POF gratings. Note however that a reflectivity value of 50% 

is assumed in our calculation, which is already at the edge of what would be 
technologically feasible in the future. 

• Enable the use of POF gratings for measurements in transmission or the availability of 
small-size (unpackaged) optical splitter and coupler components → max. gain: + 6 dB 

• Fabricate coupling plugs directly on the polymer fibre sensor (a micromirror on the 
polymer fibre itself). The corresponding disadvantage is the loss of a general coupling 
approach → max. gain: + 8 dB 

• Use more powerful VCSELs and/or more sensitive photodetectors 
• Use a more advanced VCSEL modulation scheme; for example pulse width modulation 

or phase sensitive (lock-in) detection to significantly enhance the photodetector SNR. 
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4. Conclusions 
 
For the silica pre-product prototype, we evaluate the final performance of the delivered 
PHOSFOS sensors against the target specifications as given in the DoW in the table below. 
The majority of the specifications is met, whilst others not entirely. None of these were 
however found to be a showstopper for developing the final product and for the 
commercialization. For example, the wavelength precision is determined by the FBG 
interrogation hardware and may be upgraded in the coming months. The pressure sensitivity 
was only 1 pm/bar for the samples that have undergone the complete characterization cycle. 
PHOSFOS sensors with pressure sensitivities above 3 pm/bar are also available but require 
further mechanical characterization. The pressure precision and pressure accuracy are 
directly linked with the pressure sensitivity and the interrogation unit and are thus expected to 
improve accordingly. The temperature accuracy will also improve together with the 
wavelength precision of the interrogator.  
 

Table 11. The final specifications for the pre-product prototype. 
Property Unit Aimed Expected Final Remark 

Readout unit 
Wavelength accuracy pm 1 10 10 - 
Wavelength precision pm 0.2 1 2 - 

Scan time s 1 1 1 - 
FBG 

Pressure range bar ≥ 1100 ≥ 1100 1100 - 
Pressure sensitivity pm / bar 3 2 1 - 
Pressure precision bar 0.067 1 2 - 
Pressure accuracy bar 0.33 5 10 - 
Temperature cross 

sensitivity bar/°C < 0.07 < 0.07 ≤ 0.03 without packaging 

Operating temperature 
range °C 0 to 250 0 to 250 0 to 250 - 

Temperature sensitivity pm/°C 8.5 8.5 8.7 No signs of any pressure 
dependence. 

Temperature precision °C 0.02 0.1 0.23 - 
Temperature accuracy °C 0.35 1 1 - 

 
For the POF proof-of-concept systems there remains significant development work to be done 
in terms of bringing these systems to market. Discussions are underway to fund further 
research. However, parts of the technology have more immediate commercial value.  
On the interrogator side for silica gratings, despite using a multimode coupler and few-moded 
fibre the spectrometer based system specifications are approaching those of commercial 
systems. This system will be offered for sale (with a single and multimode option) in autumn 
2011 once the user interface has been completed and the performance tests finalised.  
For POF gratings the system fulfils most of the specifications but will require further signal 
processing to meet the sensitivity requirements. However, there is a demand for supplying 
POF FBGs with a silica pigtail and AS will be offering this service from October 2011.  
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The specifications for the gastro-intestinal pressure sensor (POF proof-of-concept system 1) 
are shown in Table 12. With the multimode approach the radial pressure resolution has not 
quite met the target specification. It is anticipated that using new single mode FBGs at 
850 nm that this situation will improve since the noise in the system should decrease. The 
other specifications have been shown to be achievable. 

 
Table 12. Specifications for gastro-intestinal pressure sensor  

(POF proof-of-concept system 1) 
Property Unit Target  

specifications 
Achieved specifications 

Silica POF 
Diameter mm ~4 4.65 4.65 
Radial pressure 
resolution 

mmHg 1 2pm (wavelength) 
1.4 

20pm (wavelength) 
2.4 

Measurement range mmHg 300   
not as repeatable for 

silica 

 

Number of sensor 
elements 

/ 3 per fibre 3 3 

Readout bandwidth Hz ~10 100 Up to 10 
Separation between 
sensors 

mm ~10   

Operating temperature  Body temperature   
Connector / FC/APC   
 
The specifications for respiratory monitoring sensors (POF proof-of-concept system 2) are 
shown in Table 13. The VCSEL-based interrogation system has so far only been tested with 
single silica FBGs (because of the power budget issue, as explained in section 3.2). The 
individual components of the VCSEL-based system have been tested with promising results. 
The wavelength resolution of 15-20 pm from simple peak tracking with the DAQ system and 
could still be further improved by the implementation of a peak fitting algorithm if required. A 
resolution around 5 pm has been estimated for the custom built electronic system because it 
tracks a grating edge rather than scanning the whole spectrum. 
 
Additionally, the spectrometer-based interrogation system of POF system 1 also meets the 
required specifications for POF system 2 in terms of resolution and range for silica fibre. For 
polymer FBGs the resolution is currently not sufficient but the target wavelength resolution 
may be achievable when using single mode POF gratings.  
 

Table 13. respiratory sensor system specifications (POF proof-of-concept system 2) 
 
Summary of specifications for respiratory application based on silica FBGs  
 

Property Target specifications 
Achieved specifications  

Spectrometer based 
system 

VCSEL based system

Type source VCSEL, 850nm SLD, 850nm VCSEL, 850nm 
Fibre 

 
MM spliced to few moded 

 
MM spliced to few moded 

 
MM spliced to few moded 

 

Coupler not included MM or SM not included 
Wavelength 
resolution 

* 7pm (respiratory) 0.2pm 
(cardiac) 

2.5pm 15-20pm (without peak 
fitting algorithm) 

Measurement 
range 

*200pm (respiratory) 
14pm (cardiac) 

>200pm for FBG, >2nm for 
system 

>200pm for FBG, 2nm for 
system 

Scan rate >50Hz 100Hz *** 250 Hz 
1-20kHz (saw-tooth 

modulation) 
>20kHz with other 

modulation techniques  
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Number of 
channels 

1 
 

1 
 

1 
 

Number of 
sensors 

1 **10+ *** 1 
 

 
* ultimately this depends on the fibre separation and at the moment we have only been able to test single FBGs. 
There is a linear relationship between wavelength resolution and measurement range so if the resolution is 10x 
higher so is the required measurement range 
** this is determined largely by the bandwidth of the source 
*** may possibly be multiplexed if the number of detectors is increased 
 
 
In summary, the FBG technology for both the silica microstructured and polymer fibres 
has advanced considerably in terms of the technology readiness levels over the 
course of the project and the test results of both the pre-product prototype and the two 
proof-of-concept systems are very promising. For the 3 systems the majority of target 
specifications set have been reached. The specifications that have not yet been met do 
not represent fundamental problems and we are confident that they can be addressed 
as part of the product development cycle.   

5. Use of resources 
The personnel resources used for realizing this deliverable are summarized in Table 14. 
 

Beneficiary Planned PM Used PM People Involved 

VUB 1.2 3.0 
T. Geernaert 

C. Sonnenfeld 
F. Berghmans 

FOS 2.0 2.0 

E. Voet  
J. Van Roosbroeck 

J. Vlekken 
D. Saerens 

AS 1.5 1.5 

K. Sugden 
G. Lee 

O. Maskery 
I. Johnson 

UMCS 4.5 4.5 P. Mergo 
G. Wojcik 

 9.2 11  
Table 14. Planned and used personnel resources for deliverable D5.4. 

6. Deviations and corrective actions 
The set-ups as such were ready in time for the IUC demonstration. Compiling the information 
in a report format was done after this meeting but required some further development and 
testing. 
 
VUB required more PM than planned in order to carry out the extensive mechanical strength 
characterizations. The planned PM for VUB in for this deliverable was on the low end though 
due to a miscalculation in effort distribution between WP5 deliverables in the DoW, as already 
mentioned in D5.4. 
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ANNEX I - Pressure calibration data Stork Intermes 
 
The complete set of data recorded during the different pressure calibrations at Stork Intermes 
is presented in this ANNEX I. 
 
 Calibration up to 300 bar 
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Figure 60. Recorded wavelengths for both peaks. 
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Figure 61. Wavelength difference versus applied pressure. 
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Figure 62. Difference of wavelength data with linear fit function (non-linearity). 

 
 

 Calibration up to 600 bar 
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Figure 63. Recorded wavelengths for both peaks. 
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y = -1.0666x + 1380.1
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Figure 64. Wavelength difference versus applied pressure. 
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Figure 65. Difference of wavelength data with linear fit function (non-linearity). 
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 Calibration up to 900 bar 
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Figure 66. Recorded wavelengths for both peaks. 
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Figure 67. Wavelength difference versus applied pressure. 
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Figure 68. Difference of wavelength data with linear fit function (non-linearity). 

 
 Calibration up to 1100 bar 
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Figure 69. Recorded wavelengths for both peaks. 
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Figure 70. Wavelength difference versus applied pressure. 
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Figure 71. Difference of wavelength data with linear fit function (non-linearity). 
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