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Abstract 
 
 
In this document we present the design of the respiratory sensor. 3 methods are carried out in parallel 
regarding respiratory motions to detect: 
 

�  Intensity sensor, based on the measurement of optical power variations induced by mechanical 
strains on a fibre 

�  OTDR sensor, consisting on the analysis of the backscattered signal  
�  FBG sensor which allows determining the respiratory motions by measuring the Bragg 

wavelength shift due to modification of the Bragg grating under constraints 
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Content 

1 - Introduction  

One of the objectives of OFSETH is the development of an optical sensor for measuring respiratory 
motions. Because monitoring of respiratory activity of sedated patients relies on impedance 
measurement between the ECG electrodes, the measure is not reliable in the MRI environment. The 
optical solution is then the only suitable.  
For having complete information on the respiratory activity, one measurement point is not sufficient. 
Regarding sensor location and the required dynamic versus the body motion, three different techniques 
based on embedded optical fibre in an elastic bandage are studied. Feasibility of intensity 
measurement in transmission or in reflection, spectral analysis from a FBG sensor, and OTDR have 
been already demonstrated.  
In the following, we report the design of a respiratory motion sensor, which includes the three 
developed techniques.  Analysis and comparisons are leaded. The document is thus divided into four 
sections: 

- respiratory sensor based on intensity measurement 
- FBG sensor with spectral analysis 
- OTDR measurement  
- Comparison between each method of measurement 

 

2 - Intensity sensor 

Abdominal movement of an anesthetized person is measured with a simply sensor which we are 
developed. This sensor is based on the measurement of optical power variations induced on the 
transmitted signal through an optical fibre under mechanical strains. For increasing the sensor 
dynamic, the fibre is embedded in an elastic bandage with a sinusoidal shape. 
Different optical fibres (silicate and polymer optical fibres) have been tested to determine the best one 
for our application. Moreover, different configurations and textiles have been used. 
 

2.1 - Intensity sensor design 

2.1.1- Wearing sensor 
 
A first option is to insert directly an optical fibre through the threads of a belt as shown in Figure 2-1 
and Figure 2-2. No difficulties to embed the fibre in the textile are met during the fabrication process. 
Nevertheless, the placement of the fibre in the belt is not uniform and some loops are produced, 
leading to high losses. The sensitivity of the sensor is difficult to evaluate and the performances are not 
suitable for our project. 
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Figure 2-1: Embedded optical fibre directly in a belt 

 

 
Figure 2-2: Troubleshooting during the embedding of the optical fibre, inducing perturbations during 

strain tests. 

 

2.1.2- Stitching case 
 
The optical fibre is maintained on a section of a hard elastic bandage by a stitching method (Figure 
2-3). A sinusoidal shape is performed to benefit of the large optical losses and to increase the dynamic 
of the sensor during mechanical strains due to the patient respiration.  
 
From the optical power variations of the transmitted signal through the fibre, a calibration of the 
respiratory motions and the determination of the cardiac rate are available. 
 
Both textiles characteristics (thickness, elasticity, dimensions of the bandage …) and optical 
parameters (optical fibre, laser source …) are studied to have a trade-off between efficiency and 
dynamic in a comfortable and wearable garment. 
 

Figure 2-3: Elastic bandage with stitched fibre 

 
 
 

2.1.3- Crochet case 
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With this method, the optical fibre is directly embedded in the elastic bandage during the fabrication 
process (Figure 2-4). 
 

 
 

Figure 2-4: Picture of the bendbright optical fibre embedded in an elastic bandage 

Slightly modifications of the sinusoid period are obtained by changing textile parameters as the 
number of rubber thread or the thickness of the textile thread. By this way, a trade-off between a 
sufficient detected optical power and high sensor sensitivity is possible. 
 
For ensuring a good protection of the fibre in the bandage, the design of the sensor plans to close the 
bandage around the fibre. Figure 2-5 is the drawing of the expected sensor configuration. 
 

Rubber threadOptical fibre

 
 

Figure 2-5: Design of the bandage with the optical fibre directly embedded in the textile during the 
fabrication process 

2.1.4- Reflection configuration 
 
Initially, measurements are realised in transmission, i.e. optical variations induced by the bandage 
deformations on the transmitted signal are measured at the sensor output. For enhancing the sensitivity 
of the sensor, the idea of analyzing the backward signal, corrupted by twice the perturbation and 
provided by a reflector at the fibre end, is studied. One advantage of this configuration is reduction of 
connexions and fibre pigtails. Various reflectors or solutions are suitable as: 

- cleaved fibre end-face 
- fibre mirror (preliminary tests are necessary to evaluate the EMC of this equipment in IRM 

environment) 
- chirped FBG 

Evaluation and comparisons of these different reflectors have been achieved, leading to the conclusion 
of the availability of this method. 
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2.2 - Experimental set-up and characterisation in real conditions 

The experimental set-up (Figure 2-6) is very simple and tempts to simulate the respiratory movement 
by stretching the elastic bandage including the intensity sensor with a mechanical translation table. For 
reflection measurement, an optional circulator is added to insert and extract optical signal from the 
sensor. Optical power of the transmitted or reflected signal is measured with a power meter and sent to 
a computer to determine the power variations, directly relied to respiratory movements of the patient. 
 

 
 

Figure 2-6: Configuration allowing to measure in the same time transmission and reflection. 

 
Figure 2-7 is a picture of the experimental setup to characterize the intensity sensor. 
 
 

 
 

Figure 2-7: Picture of the experimental setup with the intensity sensor 
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A prototype of the sensor, operating in transmission, was tested on several patients as shown in the 
above picture. We have then proved the feasibility of the sensor and demonstrated the use of an 
intensity sensor based on embedded fibre in a textile for respiratory motions measurements.  
 

 

Figure 2-8 : Respiratory rate determination belt using the macro bending sensor 

To carry out theses experiments, several configurations of the sensor and various parameters have 
been studied and quantified: 
 

- influence of the laser source 
- use of a SMF silica fibre or POF fibre 
- textile thickness, rubber thread, fibre installation in the textile … 
- effect on the fibre loops 
- width of the sensor and dimension of the elastic bandage including in the belt 
- adding a reflector for increasing the sensor sensitivity 

 
For example we present in Figure 2-9 measurements realized with two adults, one with an abdominal 
circumference of 85 cm and the other one 94 cm. 
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Figure 2-9: Respiratory motions measurements by using the macro-bending sensor. The sensor is tested 

on two real people having different corpulence. 

 

3 - OTDR sensor 

This technique consists on send a narrow laser pulse into the fibre and analyse the backscattered light 
produced by perturbations along the fibre. It makes possible to focus only on a special part of the fibre 
and to get spatial information. 
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Differentiation between abdominal and thoracic respiration is thus enabled and loss contributions from 
non-sensing part neglected. Already published results show that it is possible to measure distributed 
strain in POF using an OTDR.  

3.1 - Respiratory sensor design 

We investigated a sensor design which is based on the change of the reflected signal induced by macro 
bending and which is not affected by plastic deformation. The POF is integrated into the textile using a 
sinusoid layout. By stretching the sensor, a similar OTDR signal is obtained than for the POF.  
  
The textile sample (see Figure 3-1) is divided into two sections: a short elastic part whose length 
changes during the respiration and a longer non-elastic part. The POF is integrated into the elastic 
section to measure the elongation of the fabric due to the respiratory movement of the thorax or 
abdomen. For increasing the sensor sensitivity and allowing detection of small changes, the POF is 
embedded with a sinusoidal shape. 
 

Elastic bandage

Non-elastic
fabric

Non-elastic
fabric

Elastic bandage

Non-elastic
fabric

Non-elastic
fabric

 
Figure 3-1: Picture of the OTDR sensor based on embedded POF with a sinusoidal shape 

 

3.2 - Experimental setup 

 
 

Fibre

Glued sleeves with flange

Stretched part: 30 cm

Test fibre Fibre end

Fibre

Photon counting
OTDR

 
Figure 3-2: Experimental set-up 

 
In order to investigate the sensitivity of the POF to strain, a special mechanical testbed has been 
designed (Figure 3-3), which includes a step motor and allows stretching the fibre or bending structure 
in steps of 5 mm. Substrates containing a bending structure are clamped between aluminium blocks. 
During the strain cycle a load cell measured the force. 
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Figure 3-3: Testbed to stretch or bend the fibre with 5-mmmmm steps. 

 
 

The measured OTDR signal was processed with a dark count correction (DCC), low-pass filtering in 
the frequency domain with a Gauss pulse (corresponding to �  = 20 cm) and an offset correction. Each 
OTDR signal was referenced to the signal curve corresponding to zero strain. 
 

3.3 - Measurement of respiratory movement   

 
The feasibility of measuring the respiratory waveform and rate in real time by the POF OTDR 
technique was demonstrated on a healthy adult during normal breathing. The textile sample was 
attached around the abdomen of the adult and the elastic part of the textile was placed in the area 
experiencing the most elongation due to the breathing movement (see Figure 3-4).  
 

 
Figure 3-4: Characterization of the OTDR sensor in real conditions 

The sensor signal is acquired by a fast OTDR device and the abdominal circumference changes are 
recorded simultaneously as shown in Figure 3-5.  
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Figure 3-5: Abdominal circumference changes measurements with the OTDR technique 

 
From the respiratory movement the respiratory rate (breaths per minute) is calculated, which is 
required by the doctors for the continuous monitoring of anaesthetised patient during MRI. We thus 
demonstrate the high potential of the POF OTDR technique for the considered monitoring purposes. 

 

4 - FBG sensor 

Silica fibre Bragg gratings (FBGs) have demonstrated large capabilities as strain sensors in many 
applications including monitoring of civil and aeronautics structures. Optical strain gauges are now 
standard commercial products allowing to measure deformations in the range of typically +/- 1%.  
In many case this dynamic is sufficient (e.g. the design limit for C-40 concrete is 0.1% compression). 
Nevertheless there is still a need for sensors capable of larger measurement ranges, up to 5% for 
instance, which is the potential strain reinforcing steel can attain when subjected to extreme loads. For 
such large strain values however, silica FBGs traditionally show significant limits due to the poor 
elasticity of silica glass. On the other hand, polymers such as polymethylmethacrylate (PMMA) have a 
Young’s modulus about 30 times lower than silica glass, together with a breakdown strain of about 80 
%. Therefore, optical sensors - and especially FBGs, based on polymer fibres (POF) have attracted a 
huge interest for sensing large deformations. The lack of commercial single-mode POF associated with 
the high attenuation of the POF cladding at standard writing wavelengths has led to a very limited 
success. Indeed, the fabrication of FBGs in POF was reported by only two groups worldwide, thus 
illustrating both the difficulty and the delay in reaching industrial capacity for this technique.  

4.1 - Respiratory sensor design 

The FBG was written onto a single-mode silica fibre with a coating transparent to UV radiation at 248 
nm and a photosensitive core co-doped with tin. While improving the efficiency of the manufacturing 
process and its cost, such fibre has the advantage of easing the embedding process due to the absence 
of splices and recoating. Glass optical fibres are indeed very fragile when compared to other textile 
yarns, and therefore specific care should be taken when manipulating fibres in the textile 
manufacturing process. For this reason, only optical fibres with sufficient robustness should be used, 
thus giving preference to fibres with a UV transparent coating that are not damaged during the photo-
writing process. An elastic textile fabric as shown in Figure 4-1 was used as a substrate. The fibre was 
stitched onto the fabric and additional glue was used on both side of the FBG for a better adherence. 
When stretching the fabric, only part of the strain is transmitted to the FBG, while the stitching design 
makes it possible for the rest of the optical fibre not to be impacted by the elongation. 
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Figure 4-1: Elastic bandage included FBG which is glued at each extremity for a better adherence 

4.2 - Experimental investigations 

The textile sample including the FBG was stretched using the mechanical equipment which was 
described in the OTDR section. The textile was fixed to both the platform and the load cell via 
clamping blocks.  
Under strains a deviation of the Bragg wavelength is observed (e.g. Figure 4-2). A spectral analysis of 
the reflected signal allows evaluation of the Bragg wavelength shift, related to the applied constraints 
and thus to the respiratory movements. 
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Figure 4-2: Bragg wavelength deviation measurement under mechanical stress application 

 

5 - Conclusion 

 
Three different sensors based on various methods have been achieved. Prototypes of each have been 
characterised and we thus demonstrates the feasibility to measure respiratory motions with fibre 
optical sensors.  
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List of Abbreviations 
 
ECG ElectroCardioGramme 
FBG Fibre Bragg Grating 
MRI Magnetic Resonance Imaging 
OTDR Optical Time Domain Reflectometer 
POF Plastic Optical Fibre 
PMMA Polymethyl methacrylate Fibre 
SMF Single Mode Fibre 
  
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 

 
 


