Information Society
Technologies

OFS\ETH

Optical Fibre SensorsEmbedded into technicdlextile for Healthcare

Contract no.FP6 - 027 869

D4.1 — Respiratory motion sensor design

Quality control

Version : 1.4

Security: PU

Nature: Prototype + Report (P, R)
Workpackage: WP4

Start date of project: 2006-03-01(M01)

Due date of deliverable: M18

Preparation date (sent to PMB): 2007-10-19

Approval and actual submission date: YYYY-MM-DD

Lead contractor for this deliverable

Organisation: BAM
Contact Person: Jens Witt

E-mail: Jens.witt@bam.de
Authors
Authors: J. Witt, K. Krebber (BAM), D. Kinet and F. Narborawe(MUL)

1/13




| OFSETH] D4.1 — Respiratory motion sensor design

Abstract

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

Intensity sensor, based on the measurement ofabptiever variations induced by mechanical
strains on a fibre

OTDR sensor, consisting on the analysis of the szatkered signal

FBG sensor which allows determining the respiratootions by measuring the Bragg
wavelength shift due to modification of the Braggtang under constraints
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Content

1 - Introduction

One of the objectives of OFSETH is the developnwdran optical sensor for measuring respiratory
motions. Because monitoring of respiratory activity sedated patients relies on impedance
measurement between the ECG electrodes, the mdasuoe reliable in the MRI environment. The
optical solution is then the only suitable.
For having complete information on the respiratactivity, one measurement point is not sufficient.
Regarding sensor location and the required dynaerisus the body motion, three different techniques
based on embedded optical fibre in an elastic lggdare studied. Feasibility of intensity
measurement in transmission or in reflection, speenalysis from a FBG sensor, and OTDR have
been already demonstrated.
In the following, we report the design of a resgrg motion sensor, which includes the three
developed techniques. Analysis and comparisonseaded. 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 issuomed with a simply sensor which we are
developed. This sensor is based on the measureofiesptical power variations induced on the
transmitted signal through an optical fibre undeechanical strains. For increasing the sensor
dynamic, the fibre is embedded in an elastic baadéth a sinusoidal shape.

Different optical fibres (silicate and polymer agati fibres) have been tested to determine thedrest
for our application. Moreover, different configuats and textiles have been used.

2.1 - Intensity sensor design
2.1.1- Wearing sensor

A first option is to insert directly an optical fipthrough the threads of a belt as shown in Figtte
and Figure 2-2. No difficulties to embed the fibme¢he textile are met during the fabrication psse
Nevertheless, the placement of the fibre in théibelot uniform and some loops are produced,
leading to high losses. The sensitivity of the seiisdifficult to evaluate and the performances ot
suitable for our project.
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Figure 2-1: Embedded optical fibre directly in a bédt

Figure 2-2: Troubleshooting during the embedding of the opticafibre, inducing perturbations during
strain tests.

2.1.2- Stitching case

The optical fibre is maintained on a section ofedrelastic bandage by a stitching method (Figure
2-3). A sinusoidal shape is performed to beneftheflarge optical losses and to increase the dynam
of the sensor during mechanical strains due teé#tient respiration.

From the optical power variations of the transndisegnal through the fibre, a calibration of the
respiratory motions and the determination of threliea rate are available.

Both textiles characteristics (thickness, elastidimensions of the bandage ...) and optical
parameters (optical fibre, laser source ...) areistlib 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 eeauled in the elastic bandage during the fabrication
process (Figure 2-4).

Elasticbandag - {

T~

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

Slightly modifications of the sinusoid period arbtained by changing textile parameters as the
number of rubber thread or the thickness of théiléethread. By this way, a trade-off between a
sufficient detected optical power and high sensosgivity is possible.

For ensuring a good protection of the fibre in la@dage, the design of the sensor plans to clese th
bandage around the fibre. Figure 2-5 is the drawfrthe expected sensor configuration.

Optical fibre Rubber threac

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

2.1.4- Reflection configuration

Initially, measurements are realised in transmissie. optical variations induced by the bandage
deformations on the transmitted signal are measatréte sensor output. For enhancing the sengitivit
of the sensor, the idea of analyzing the backwigmbg corrupted by twice the perturbation and
provided by a reflector at the fibre end, is stddi®@ne advantage of this configuration is reductibn
connexions and fibre pigtails. Various reflectorsolutions are suitable as:

- cleaved fibre end-face

- fibre mirror (preliminary tests are necessary taleate the EMC of this equipment in IRM

environment)

- chirped FBG
Evaluation and comparisons of these different céfies 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 coditions

The experimental set-up (Figure 2-6) is very simgid tempts to simulate the respiratory movement
by stretching the elastic bandage including thensity sensor with a mechanical translation tede.
reflection measurement, an optional circulatorddeal to insert and extract optical signal from the
sensor. Optical power of the transmitted or refldctignal is measured with a power meter and sent t
a computer to determine the power variations, tireelied to respiratory movements of the patient.

Optional optical
circulator for reflection

measurements

Elastic bandage

/

Optical Source >

0]

Translation table

Power meter

Embedded fibre
with sinusoidal
v shape

Computing data

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

Figure 2-7 is a picture of the experimental setuphtaracterize the intensity sensor.

Figure 2-7: Picture of the experimental setup wittthe intensity sensor
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A prototype of the sensor, operating in transmissigas tested on several patients as shown in the
above picture. We have then proved the feasibditythe sensor and demonstrated the use of an
intensity sensor based on embedded fibre in deekti respiratory motions measurements.

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

To carry out theses experiments, several configumaif 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 installatio the textile ...

- effect on the fibre loops

- width of the sensor and dimension of the elastilage including in the belt
- adding a reflector for increasing the sensor seftgit

For example we present in Figure 2-9 measuremeatized with two adults, one with an abdominal
circumference of 85 cm and the other one 94 cm.

Abdominal circumference of 85 cm

/
7~

AWAWAWAWA
/\/\/\V\/V

Abdomlnal circumference of 94 cm ‘

Optical power variations [a.u]

0 5 10 15 20 25 30
Time [a.u]

Figure 2-9: Respiratory motions measurements by usg 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 laseepnte the fibre and analyse the backscattered ligh

produced by perturbations along the fibre. It mgkassible to focus only on a special part of theefi
and to get spatial information.

8/13



| OFSETH] D4.1 — Respiratory motion sensor design

Differentiation between abdominal and thoracic mredjpn is thus enabled and loss contributions from
non-sensing part neglected. Already published tesllow 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 basedeaohhnge of the reflected signal induced by macro
bending and which is not affected by plastic defation. The POF is integrated into the textile using
sinusoid layout. By stretching the sensor, a sin@i&DR signal is obtained than for the POF.

The textile sample (see Figure 3-1) is divided it sections: a short elastic part whose length
changes during the respiration and a longer nostielpart. The POF is integrated into the elastic
section to measure the elongation of the fabric wuéhe respiratory movement of the thorax or

abdomen. For increasing the sensor sensitivity aloaving detection of small changes, the POF is
embedded with a sinusoidal shape.

Non-elastic Non-elastic
fabric fabric

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

3.2 - Experimental setup

Test fibre Glued sleeves with flange Fibre end

Photon counting / ‘( \ \
OTDR
—

Stretched part: 30 cm

Fibre Fibre

Figure 3-2: Experimental set-up

In order to investigate the sensitivity of the P@Fstrain, a special mechanical testbed has been
designed (Figure 3-3), which includes a step maitat allows stretching the fibre or bending struetur
in steps of 3mim. Substrates containing a bending structure amaptd between aluminium blocks.
During the strain cycle a load cell measured theefo
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Figure 3-3: Testbed to stretch or bend the fibre wh 5-nm steps.

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

3.3 - Measurement of respiratory movement

The feasibility of measuring the respiratory wavefoand rate in real time by the POF OTDR
technigue was demonstrated on a healthy adult glurormal breathing. The textile sample was
attached around the abdomen of the adult and Hstielpart of the textile was placed in the area
experiencing the most elongation due to the bregthiovement (see Figure 3-4).

Figure 3-4: Characterization of the OTDR sensor irreal conditions

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

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

4 - EBG sensor

Silica fibre Bragg gratings (FBGs) have demonsttdeege capabilities as strain sensors in many
applications including monitoring of civil and aesutics structures. Optical strain gauges are now
standard commercial products allowing to measuferd®tions in the range of typically +/- 1%.

In many case this dynamic is sufficient (e.g. tksign limit for C-40 concrete is 0.1% compression).
Nevertheless there is still a need for sensorshdapaf larger measurement ranges, up to 5% for
instance, which is the potential strain reinforcsitgel can attain when subjected to extreme |daats.
such large strain values however, silica FBGs ti@thlly show significant limits due to the poor
elasticity of silica glass. On the other hand, pwys such as polymethylmethacrylate (PMMA) have a
Young’'s modulus about 30 times lower than silicasg| together with a breakdown strain of about 80
%. Therefore, optical sensors - and especially FB@sed on polymer fibres (POF) have attracted a
huge interest for sensing large deformations. &bk bf commercial single-mode POF associated with
the high attenuation of the POF cladding at stahdaaiting wavelengths has led to a very limited
success. Indeed, the fabrication of FBGs in POF meperted by only two groups worldwide, thus
illustrating both the difficulty and the delay ieaching industrial capacity for this technique.

4.1 - Respiratory sensor design

The FBG was written onto a single-mode silica fitmith a coating transparent to UV radiation at 248
nm and a photosensitive core co-doped with tin.IgVimaproving the efficiency of the manufacturing
process and its cost, such fibre has the advanfagasing the embedding process due to the absence
of splices and recoating. Glass optical fibresiadeed very fragile when compared to other textile
yarns, and therefore specific care should be takémen manipulating fibres in the textile
manufacturing process. For this reason, only obfibees with sufficient robustness should be used,
thus giving preference to fibres with a UV trangpercoating that are not damaged during the photo-
writing process. An elastic textile fabric as shawrrigure 4-1 was used as a substrate. The filae w
stitched onto the fabric and additional glue wasdusn both side of the FBG for a better adherence.
When stretching the fabric, only part of the stigitransmitted to the FBG, while the stitchingidas
makes it possible for the rest of the optical fibod to be impacted by the elongation.
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Figure 4-1: Elastic bandage included FBG which islged at each extremity for a better adherence
4.2 - Experimental investigations

The textile sample including the FBG was stretchisthg the mechanical equipment which was
described in the OTDR section. The textile wasdixe both the platform and the load cell via
clamping blocks.

Under strains a deviation of the Bragg wavelengtbliserved (e.g. Figure 4-2). A spectral analykis o
the reflected signal allows evaluation of the Bragawyelength shift, related to the applied constgain
and thus to the respiratory movements.
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Figure 4-2: Bragg wavelength deviation measurementnder mechanical stress application

5 - Conclusion

Three different sensors based on various methods been achieved. Prototypes of each have been
characterised and we thus demonstrates the fefsitil 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
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