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ABSTRACT

Dynamic fibre-optic curvature sensing is demonstrated by interrogating chains of fibre segments, separated by
broadband Bragg grating reflectors, using range-resolved interferometry (RRI). Four fibre strings, containing four fibre
segments each of gauge length 20 cm, are attached to the opposing sides of a support structure and the resulting
differential strain measurements allow inference of lateral displacements of a cantilever test object. Dynamic tip
displacement resolutions in the micrometre range at an interferometric bandwidth of 21 kHz demonstrate the suitability
of this approach for highly sensitive and cost-effective fibre-optic directional vibration measurements of smart structures.
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1. INTRODUCTION

Fibre optic shape sensing [1-4] (FOSS), sometimes referred to as bend or curvature sensing, allows the curvature, and
therefore the curvature of the structure to which the fibre or fibre arrangement is attached, to be followed through space
and permits the inference of lateral displacements directly from the curvature measurements. FOSS techniques are
generally based on evaluating the differential strain that results from the curvature of a fibre/fibre arrangement. Prior in-
fibre grating based approaches have used fibre Bragg gratings (FBG) [1] or long-period gratings [2]. Quasi-distributed
FBG-based approaches, where a large number of FBG sensors are interrogated using frequency domain reflectometers,
have also become popular [3], in areas such as structural health monitoring and medical endoscope tracking, mainly due
to their capability for high density deployment. Interferometric approaches [4] have also been investigated for FOSS,
but, while potentially offering fast and highly sensitive measurements, practical applications appear to have suffered
from difficulties in multiplexing sensors. The approach proposed in this paper employs fibre segment interferometry
(FSI) [5], which is a promising technique because it allows the multiplexing of many interferometric sensor segments
using range-resolved interferometry (RRI) [6], where the RRI is designed to exploit the potential that robust and cost-
effective laser diodes originating in the telecoms industry offer to sensing applications.

Importantly, curvature sensitivity scales proportionally with the lateral fibre core distance [4] in FOSS, therefore a
fibre arrangement mounted onto a flexible support structure that can follow the shape of the object under test, with lateral
fibre core spacing of typically several millimetres, offers orders of magnitude increased curvature sensitivity compared
to previous implementations using multicore fibres [4] with a lateral core spacing of typically 50 um. In this paper, the
optical setup is introduced and the details of the sensor arrangement provided, before evaluating the two-dimensional tip
displacement sensitivities of the device using a cantilever test object. Finally, measurements of the cantilever tip
vibrations are shown, demonstrating the suitability of this approach for directional vibration measurements.

2. EXPERIMENT

In this work, we use a fibre arrangement comprising of four regular single-mode fibres, where each fibre is adhered to
one of the four opposing sides of a flexible Polytetrafluoroethylene (PTFE, Teflon™) support structure. The
experimental configuration and the properties of the PTFE sensing rod are illustrated in Fig. 1. In the optical setup shown
in Fig. 1(a), the output from the DFB laser diode, at a wavelength of 1549 nm, leaving the RRI interrogation unit [5,6],
is split by a 4x1 coupler into the four optical fibre strings (A to D) to be interrogated. The strings each include a fibre
delay line, with sequential fibre length increments of several metres, with the aim of moving undesired signals due to the
interference of sources from the different strings well out of the detection range. In each string, four 20 cm long fibre
segments are created between five FBG reflectors. The desired interference signals are then generated by the interference
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of the cleaved fibre tip reflection with the FBG reflections, where the unique offset of 4, 8, 12 or 16 cm in each string
between the cleaved fibre tip and the FBGs ensures that every signal corresponds to a unique evaluation range. In
addition, undesired interference signals due to mutual interference of FBG reflections will correspond to a range multiple
of 20 cm, where no desired signals are located. In FSI, broadband FBG reflectors are used to ensure light is reflected
under all conceivable temperature and strain conditions. Because the evaluated light has to pass the 4x1 coupler twice,
there is power loss of a factor of 16 compared to our previous FSI implementation [5] in a single string. Therefore, the
reflectivities of the broadband FBGs need to be designed to yield sufficient return light. Using a slit of width of 0.2 mm
positioned between the fibre and the phase mask [7], FBGs of ~5 nm spectral width (full-width half-maximum) and
typical reflectivities of 200 parts per million (ppm) have been fabricated in photosensitive Fibercore PS1250/1500 fibre
using a frequency-quadrupled YAG laser operating at 266nm.
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Figure 1. The fibre optical setup used is shown in (a) where 20 weak, broadband FBGs written at prescribed locations from
the cleaved fibre tip in four fibre strings (A to D) form a total of 16 co-located fibre segments that correspond to four
curvature sensing sections S1 to S4. Light exiting the interrogation unit is guided via a 4x1 coupler to the fibre strings and
back, with an individual fibre delay for each of the four strings. In (b) the fibre mounting in channels on the opposing sides
of'a PTFE rod is illustrated, while the rod cross-section is drawn in (c), with the relevant fibre core lateral spacing § marked.

Fig. 1(b) shows how the segments are co-located on the four opposing sides of the PTFE sensor rod of 4 mm
diameter. Here, channels were cut manually in the PTFE rod to securely locate the fibre on the rod, which is illustrated in
Fig. 1(c). The channels are approximately 0.6 mm deep, resulting in a nominal lateral fibre core spacing § of 3.0 mm. As
this was a manual process, control of the channel depth was limited, which results in an uncertainty for the value of §.
The fibres were attached to the rod by filling the channels with a cyanoacrylate adhesive. The measured differential
strain signals were obtained by subtraction of the signals from the interferometers formed in strings A and C for the
vertical direction and from those in strings B and D for the horizontal direction.

The physical mounting of the sensor rod onto the cantilever under test, a 15x15mm square bar of 316 stainless steel, is
shown in Fig. 2. Here the relevant cantilever length L is 80 cm and the tip of the cantilever can be moved using a manual
stage that can be oriented vertically and horizontally. In interferometric curvature sensing, the fibre needs to be attached
to the structure under test only at the end points of the interferometer [4]. Furthermore, no actual strain transfer to the
structure under test is needed as the differential strain measurement takes place wholly within the sensor rod. Therefore
the sensor rod was fixed to the cantilever using 3M 431 aluminium tape at the locations of the FBGs only.
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Figure 2. The physical mounting of the sensor rod on top of a square-profile stainless steel cantilever is shown. A manual
stage can be used to impart controlled movements in either vertical (shown) or horizontal directions.

When the cantilever length is equal to the interferometer length, the tip displacement sensitivity Ag * d 1, relating the
measured phase difference A@ due to differential strain to the cantilever tip displacement d, is given by [4]:

Ap 170}
AP _ 54y ™ (1)
p] 2 342/1L
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Here, § is the lateral fibre core displacement, A is the free space emission wavelength of the laser and L is the cantilever
length. This assumes negligible dependence of the fibre strain sensitivity on the interrogation wavelength. The additional
factor of two, compared to [4], is because FSI works in reflection, where the light passes the fibre sensor section twice.

3. RESULTS & DISCUSSION

Figure 3 shows measurement results for the controlled movement of the translation stage. Figs. 3(a) and (b) show the
differential strain phase responses to the horizontal and vertical movement, respectively, where in each case only the
horizontal or vertical differential strain signals, respectively, are shown. The measured angular change is strongest near
the cantilever start and weakest near the tip, hence the strongest signals can be seen for section S1, as qualitatively
expected from mechanical theory [8]. In Fig. 3(b), the signal of section S4 shows irregular behaviour. It is suspected that
this is because the final reflector is situated at or very slightly beyond the cantilever tip, causing the rod bending to
deviate from the cantilever bending. Improved placement in future implementations should prevent this problem. By
comparing Figs. 3(a) and (b) for the other sections (S1 to S3) it can, however, be seen that the sensor has similar
sensitivities for both horizontal and vertical movements. Figs. 3(c) and (d) show the sum of the signals from all four
sections for horizontal and vertical stage movements, respectively, which can be used to predict the cantilever tip
displacement. Comparisons of the horizontal and vertical sensor responses in Figs. 3(c) and (d) allows an assessment of
the misalignment between the sensor rod axis and the cantilever axis, revealing a small misalignment. A linear regression
fit plotted in Fig. 3(c) allows determination of the tip displacement sensitivity A - d~!, which was found to be
493 rad - mm™!, with a similar value expected for the vertical movement if the irregularity in section S4 was not
present. The theoretical value calculated using Eq. (1) for § = 3.0 mm is 52.0 rad - mm™?. The 5% deviation could be
explained by discrepancies in the lateral fibre distance § or other non-idealities, such as imperfect strain transfer between
the fibres and the PTFE rod. It is anticipated that better manufacture and control of the shape of the support structure
should improve this.
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Figure 3. Phase changes for sections S1 to S4 as a result of horizontal (a) or vertical (b) stage movement, where only the
components in the stage direction are plotted for clarity. For the same measurement, (c) and (d) show the total phase change,
summed up over sections S1 to S4, now showing both vertical and horizontal components, as a result of horizontal (c) or
vertical (d) stage movement, along with linear regression fits.

Finally, the capability of this approach for lateral, directional vibration measurements is illustrated in Fig. 4, where the
mechanical stage in Fig. 2 was removed to allow free vibrations. Here, the vibration direction was fixed by using a metal
guide to force the cantilever to vibrate along a particular direction. Fig. 4(a) shows the response when the cantilever
vibrates along the horizontal direction, while Fig. 4(b) shows the response to a vertical vibration and Fig. 4(c) shows the
response to a vibration at an angle of = 45°. In all cases, the insets, where the horizontal and vertical signals are plotted
against each other, show that the vibration direction can be determined by this measurement. In all plots, the theoretical
tip displacement for the nominal value of § = 3.0 mm, calculated using Eq. (1), is also plotted on the secondary y-axis.
This illustrates the high tip displacement resolution that can be achieved using this approach, where the instantaneous
differential strain noise standard deviation can be found to be = 0.2 rad over the interferometric bandwidth of 21 kHz
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that was used for this measurement, equating to = 4 pm tip displacement noise for a cantilever of L = 0.8 m using the
theoretical tip displacement sensitivity calculated previously.
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Figure 4. Three typical vibration events at the cantilever tip where the vibration direction was forced along the horizontal
(a), vertical (b) or along the bisecting direction (c) are plotted over 2 s. In each plot, the primary y-axis shows the measured
total phase, summed over all sections S1 to S4, while the secondary axis shows the theoretical tip displacement calculated
from Eq. (1) for the nominal value of § = 3.0 mm. Additionally, the insets plot the horizontal and vertical phase changes
against each other to allow the determination of the vibration direction.

4. CONCLUSION

Fibre segment interferometry (FSI), a novel fibre sensing technique based on range-resolved interferometry (RRI), using
only cost-effective and robust hardware originating from the telecom industry, has been applied to the fibre optic
curvature sensing. By multiplexing a total of 16 fibre segments, four curvature sensing sections, adhered to a flexible,
plastic support structure have been interrogated simultaneously. For a cantilever test object of length 0.8 m, tip
displacement resolutions of = 4 pm over the interferometric bandwidth of 21 kHz have been demonstrated, illustrating
the potential of the this approach for lateral, directional vibration measurements. Dynamic FOSS using FSI could in
principle also be achieved using multi-core fibre, where multi-core fibres offer low weight and protrusion profile and
could be embedded in composites, which might be key consideration in some applications.
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