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Abstract: A miniaturised structural health monitoring device has been developed capable of
measuring the absolute distance between close parallel surfaces using Fabry-Pérot interferometry
with nm-scale sensitivity. This is achieved by fabricating turning mirrors on two opposite
cores of a multi-core fibre to produce a probe with dimensions limited only be the fibre
diameter. Two fabrication processes have been investigated: Focused ion beam milling, which
has resulted in a sensor measurement accuracy, sensitivity and range of ±0.056 µm, ±0.006 µm
and ∼16000 µm respectively; and ultrafast laser assisted etching of the cleaved fibre end, where
a sensor measurement accuracy, sensitivity and range of ±0.065 µm, ±0.006 µm and ∼7500 µm
have been demonstrated.

1. Introduction

Structural health monitoring (SHM) identifies damage or structural degradation and informs
remediation decisions. In precision engineering applications, such as in aerospace, automotive,
and precision manufacturing, positional drift of components on the micron or sub-micron scale
could be indicative of component degradation. This is increasingly important for long-term
applications where maintenance may include corrective measures to prevent system malfunction,
or even catastrophic failure. Care is needed to ensure that the sensor installation does not
compromise the existing structure and small-scale sensors, such as optical fibre sensors, are one
means to achieve this. In the work reported here, a nanometer-resolution distance measurement
sensor for use in constricted environments is described. Using Fabry-Pérot (FP) interferometry,
the variation of the distance, or gap, between component parts can be measured over time and
used to inform decisions regarding to the structure’s overall condition.

Various optical fibre sensors have been demonstrated for SHM applications, such as embedded
fibre Bragg grating (FBG) sensors [1] and Fabry-Pérot interferometers (FPI) [2]. Typically, these
sensors are embedded during construction of the structure [3,4] where this embedding process
introduces various complications, such as the necessity to protect the sensors as they can be
easily damaged [5,6]. Attempting to install sensors after construction can also be a challenge, as
there is often restricted accessibility to crucial points within the structure.

In this work, the challenges associated with embedding traditional gap sensors is addressed by
incorporating micromachined turning mirrors on the fibre end-face. Light exits perpendicular
to the fibre axis and therefore is capable of being positioned into confined regions otherwise
inaccessible for monitoring without significant modification to the structure. Furthermore, when
two outward facing turning mirrors are fabricated on two cores of a multi-core fibre (MCF), then
the total gap between two parallel surfaces can be determined, as opposed to simply the distance
between a surface and the fibre. In this way, a true gap sensor is demonstrated.
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Two fabrication methods are investigated: Focused ion beam (FIB) milling, and ultrafast laser
assisted etching (ULAE) of the cleaved fibre end. ULAE has also been referred to as selective
laser-induced etching (SLE) [7] and femtosecond laser induced selective etching (FLISE) [8],
however ULAE will be used here when referring to this fabrication method. In this paper, a
comparison of these two approaches is drawn with respect to their performance and production
efficiency. An assessment is also made regarding their effectiveness in terms of accuracy,
sensitivity, and range of the resulting distance measurements.

2. Principle of operation

There are primarily two types of FPI’s: Intrinsic FPI (IFPI) [9,10], where the optical cavity is
situated within the fibre whereby the fibre region located between two partially reflective mirrors
is both the sensing element and the waveguide; and extrinsic FPI (EFPI) [11,12], where the
cleaved fibre end acts as a partially reflective mirror and the FP cavity is formed between the
fibre end and some external reflector. In the work described in this paper, once turning mirrors
have been fabricated, the FP cavity is formed between the edge of the fibre and a target surface,
as indicated in Fig. 1.

Fig. 1. Schematic representation of multi-core fibre sensor. The light propagating within
the fibre is redirected perpendicular to the fibre axis by the turning mirrors in opposite
directions. The reflected light from the fibre-air interface and the target surface defines the
Fabry-Pérot cavity and is recombined to produce interference spectra. The return signal is
captured by the same fibre core from which the transmission signal propagates.

By illuminating the cavity with a swept laser source, interference fringes are generated in the
reflected optical spectrum which, to a first order, can be expressed as [13]:

I(λ) = 2RI0

[︃
1 − cos

(︃
4πnd
λ
+ π

)︃]︃
, (1)

where R is the reflectivity, Io is the light source intensity, n is the refractive index, λ is the
light wavelength, and d is the cavity length. The optical fringe spacing that emerges from the
interference spectrum is a function of the cavity length, therefore a suitable fast Fourier transform
(FFT) analysis of the interference fringes can yield the cavity length in a real-time measurement
readout: The interferogram, which is initially recorded in the wavelength domain, is converted
into the optical frequency domain. This dataset is then resampled to provide a linear sample
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spacing with sampling frequency, fs, and a FFT is applied to yield cavity length information, as
outlined in Fig. 2.

Fig. 2. Conceptual graphs of the data processing for cavity length acquisition, where the
cavity length is proportional to the peak position, f0.

The main frequency, f0, is defined as:

f0 =
2d
λ2 , (2)

where 2d is the optical path difference. Regarding the Fourier spectrum, after the spectrum has
been resampled, the true position of f0 is determined by its initial position divided by C, where
C= fs / N, and N is the total number of points in the resampled spectrum dataset. Therefore, once
the peak position f0 is detected, the cavity length can be calculated from Eq. (2) [14].

However, the cavity length reading using this method inherently carries with it certain
inaccuracies. For example, small fluctuations of the cavity length during a scan of the swept
laser source will result in a non-uniform fringe spacing, which is detrimental to the accuracy of
the FFT measurement [15]. This can be rectified by incorporating a curve-fitting algorithm [16],
where a least-squares error algorithm is applied in real-time to a fitting function as seen in Fig. 3.

Fig. 3. Conceptual graphs of the demodulation process of the reflected optical spectrum,
where a curve-fit (black dotted line) is applied.

The fitting function is of the form:

I(λ) = A(λ) + B(λ)cos
(︃
4πd
λ

)︃
, (3)

where A(λ) and B(λ) are the average intensity and the peak-to-peak amplitude of the signal
respectively. By using the FFT as an initial estimate for the cavity length, an appropriate value of
d is then searched for that minimises the sum of squares error (SSE) which can be described as:

min

d

N∑︂
i=1

(︃
Ii − A − Bcos

(︃
4πd
λi

)︃)︃2
(4)
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3. Turning mirror fabrication

3.1. Focused ion beam milling

The turning mirrors in this approach are fabricated using a focused ion beam (FIB) (Quanta
3D FEG, FEI). The fibre contains a standard fused-silica cladding with four boron co-doped
germanosilicate cores and is single mode at 1550 nm. Prior to milling, the fibre end is gold
sputter coated to prevent charge accumulation effects, however this hinders the ability to identify
the core locations in order to correctly position the turning mirrors, as displayed in Fig. 4(a).
To circumvent this, the fibre is submerged in a potassium hydroxide (KOH) solution heated to
85°C for ten minutes. This selectively etches the cores such that after gold sputter coating, small
dimples become distinguishable which are used to identify the core locations using the scanning
electron microscope (SEM) incorporated in the FIB, as seen in Fig. 4(b). A 7 nA acceleration
current is used to mill a 20× 12 µm feature 35 µm deep centred on two cores, tilted to 45° with
respect to the fibre axis.

Fig. 4. (a) SEM image of gold sputter coated MCF without etching. (b) SEM image of
gold sputter coated KOH etched MCF. (c) Microscope image of multi-core fibre used in
ULAE process.

3.2. Ultrafast laser assisted etching

The process of ULAE consists of two steps whereby ultrafast laser inscription (ULI) is used
to modify the substrate material, upon which the modified material is then chemically etched
and removed with KOH. Since the cores of the MCF used in the FIB milling process were
found to be selectively etched by KOH, a different MCF with pure fused-silica cores is used,
as seen in Fig. 4(c). With this fibre, no significant unwanted etching is observed prior to ULI.
A femtosecond pulsed fibre laser (BlueCut, Menlo Systems) operating at 1030 nm with a pulse
duration of 360 fs and a pulse repetition rate of 250 kHz is used in the inscription process. A pulse
energy of 160 nJ produced the desired features with sufficient selectivity. These parameters were
determined according to the process described in [17]. Etching required a two-hour exposure to
an 8 mol/L KOH solution, heated to 85°C, after which the fibre end is cleaned in an ultrasonic
bath and allowed to dry.

4. Validation experiments

The experimental configuration is shown in Fig. 5. An optical sensing interrogator (SM125-700,
MicronOptics) is employed as both the light source and the detector. This consists of a swept
laser source with a wavelength range of 1510-1590 nm and a data acquisition rate of 5 Hz. The
wavelength is swept at a resolution of 0.0125 nm. Two channels of the optical interrogator are
connected to SMF28 single-core fibres (SCF), which are in turn connected to the MCF via a
fanout system (MCFFO-P-04, Chiral Photonics). The fanout interfaces SCFs and MCFs via
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laser inscribed 3D waveguides. The two channels from the fanout that are used with the FIB
milled fibre are measured to have insertion losses of 0.34 dB and 0.42 dB respectively, and the
two channels from the fanout used with the ULAE fibre are measured to have insertion losses of
0.54 dB and 1.05 dB respectively. The light transmitted from the free end of the MCF is then
reflected off the target surface (a mirror mounted to a translation stage and a portion of the light
couples back into the fibre. The interference spectrum that is subsequently generated is recorded
and sent to a computer for data processing. Each core of the MCF is interrogated individually
and the fibre is rotated to align with the mirror such that the signal return is maximised. The
translation stage is also fitted with a retroreflector which is used in conjunction with a commercial
laser interferometer (633 nm, 1 nm resolution, ±0.0001% accuracy) to assess the accuracy of the
fibre measurement systems by monitoring the displacement of the translation stage.

Fig. 5. Schematic of experimental configuration.

5. Results and discussion

5.1. MCF fabrication

Two turning mirrors were successfully fabricated onto MCF using both FIB milling and ULAE
approaches, as seen in Fig. 6.

Although both fabrication methods were successful, they each have various advantages,
disadvantages and complications associated with them. As mentioned earlier, the cores of the
circular MCF are inherently selectively etched by KOH, rendering this specific fibre unsuitable
for ULAE. This is due to the etch procedure involved with ULAE, where the fibre is submerged
in a KOH solution after ULI – the inscribed feature would etch as desired, but the cores would
also etch away from underneath the turning mirrors, leading to unguided light and significant
scattering. It is not explicitly clear as to why the FIB milled fibre cores are selectively etched by
KOH, but it is suspected that the boron co-doped germanosilicate glass material induces this
selective etching behaviour. As a result, a different MCF is used for ULAE fabrication where no
such selective etching is observed prior to ULI. The MCF used for ULAE, however, introduces
other complications: due to the non-circular cross section, it is more challenging to cleave and
splice in comparison to traditional optical fibre. For the same reason, it is also difficult to obtain
a side-view microscope image to verify the turning mirror angle and to assess whether there are
any obvious defects in the etched feature.
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Fig. 6. Left – SEM image of multi-core fibre with two turning mirrors fabricated by focused
ion beam milling. The turning mirrors are at 45.2° and 45.5° to the fibre end face (±1°).
Right – Microscope image of multi-core fibre with turning mirrors fabricated by ULAE.
Due to the angle of the turning mirrors, imaging illumination is reflected away, resulting in
dark regions where the turning mirrors are located.

On the other hand, the ULAE approach has potential for batch production, although each
fibre will require individual ULI, a large quantity of fibres could be submerged into a bath of
KOH solution for simultaneous etching, effectively improving the time efficiency of production
per fibre sensor. This cannot be said with regards to the FIB milling process, which is time
consuming, where a single sensor takes approximately 3-4 hours to produce. In comparison, ULI
typically takes 15 minutes, including the time to align the fibre, and etching takes up to 2 hours.

5.2. Accuracy assessment

Exemplary experimental interference spectra are displayed in Fig. 7. Assessing the accuracy
of the sensors was undertaken by simultaneously measuring the displacement of the translation
stage using a laser interferometer. As seen in Fig. 8, the standard deviation, σ, of the residuals
represents the sensors’ accuracy, which were measured to be 0.017 µm for core 1 and 0.022 µm
for core 2 for the FIB milled fibre, and 0.021 µm for core 1 and 0.025 µm for core 2 for the
ULAE fibre (rounded to the nearest nm), where the fibre measurements were acquired using the
curve-fitting algorithm.

Taking the residuals of each fibre sensor to two standard deviations, accuracy values that fall
within a 95% confidence interval are obtained. Therefore, using standard error analysis, the
combined accuracy of both cores for the FIB milled fibre and ULAE fibre can be considered
as ±0.056 µm and ±0.065 µm respectively for measurements taken along the propagation axis.
The same analysis has been conducted whereby the FFT reading is plotted against the laser
interferometer measurement, where this resulted in accuracies of ±1.965 µm and ±1.974 µm for
the FIB milled fibre and ULAE fibre respectively. This indicates that the curve-fitting algorithm
is representative of approximately a 35 times improvement to the overall sensor accuracy.

5.3. Sensitivity and range assessment

Fixed FP cavities were measured for approximately 30 seconds using the curve-fitting algorithm,
where the fluctuations that occur during this period are representative of the sensor’s sensitivity.
An example of this is shown in Fig. 9 using core 1 of the ULAE fibre sensor at a mean cavity
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Fig. 7. Experimental interference spectra obtained by core 1 of the FIB milled fibre sensor.
(a) Interference spectrum of a ∼297 µm FP cavity. (b) Interference spectrum of a ∼500 µm
FP cavity.

length of 500.291 µm, where two standard deviations of the fluctuations is 0.003 µm, rounded to
the nearest nm.

Taking the fluctuations of each fibre sensor to two standard deviations, sensitivity values that
fall within a 95% confidence interval are obtained. This is repeated at cavity length intervals
of approximately 100 µm up to the maximum range of each sensor, as seen in Fig. 10. The
maximum range is considered to be the point at which the curve-fitting algorithm fails to reliably
converge to a single solution.

The combined sensitivity of both cores of the FIB milled fibre and ULAE fibre can therefore
be considered as ±0.006 µm and ±0.006 µm respectively, rounded to the nearest nm. The
same analysis has been conducted whereby the FFT readings were taken, where this resulted in
sensitivities of ±0.199 µm and ±0.349 µm for the FIB milled fibre and ULAE fibre respectively.
This indicates that the curve-fitting algorithm is representative of approximately a 33 times and a
58 times improvement to each sensor sensitivity.

For the FIB milled fibre, the curve-fitting algorithm reliably converges to a single solution
up until a cavity length of ∼8000 µm is reached for both cores, whereas for the ULAE fibre,
this limit is reached at a cavity length of ∼4000 µm for core 1, and ∼3500 µm for core 2. These
values indicate a total operating range of ∼16000 µm and ∼7500 µm for the FIB milled fibre
and ULAE fibre sensors respectively. The diminished range experienced by the ULAE fibre is
believed to be primarily due to the additional insertion losses from the fanout and the splice as
a result of the non-circular cross-section, where the ULAE fibre is measured to have a total of
5 dB additional loss compared to the FIB milled fibre. Further contributions to the diminished
range also arise from increased scattering from the turning mirror surface finish – qualitative
assessments indicate greater surface roughness with the ULAE fabrication approach compared
to FIB milling. In order to draw firm conclusions regarding the upper ranges possible, a larger
sample size of both sensors would be required.

Where the minimum cavity length is concerned, this is primarily determined by the wavelength
used during interrogation and the spectral range of the interrogation system. With the data
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Fig. 8. Fibre sensor and laser interferometer measurements using the curve-fitting algorithm
to assess accuracies of both cores of the FIB milled fibre and ULAE fibre. Arbitrary
displacement step sizes were used during measurement acquisition.

Fig. 9. Measurement of fluctuations using curve-fitting algorithm at a fixed cavity length to
assess sensor sensitivity of ULAE fibre core 1 at mean cavity length 500.291 µm.
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Fig. 10. Sensitivity measurements for both cores of the FIB milled fibre and ULAE fibre
taken at ∼100 µm increments up to the maximum sensor range. The red line represents the
sensitivity at which 95% of datapoints fall under.

processing method described in this work, the minimum cavity length at which the curve-fitting
algorithm reliably converges to a single solution is ∼100 µm for both the FIB milled fibre and
ULAE fibre sensors. The minimum cavity length that can reliably be measured could be improved
if interrogated with a shorter wavelength and/or a broader spectral range, however this would
require finer scan resolution to maintain capabilities in measuring longer cavity lengths.

6. Conclusion

Fibre optic Fabry-Pérot interferometers for SHM applications that can be implemented in existing
structures have been developed utilising FIB milling or ULAE to fabricate turning mirrors on
MCF. The accuracy of the FIB milled fibre and the ULAE fibre sensors have been measured
to be ±0.056 µm and ±0.065 µm respectively. Furthermore, the sensitivity of each fibre sensor
has been assessed to be ±0.006 µm and ±0.006 µm, with demonstrated operating ranges of
∼16000 µm and ∼7500 µm.

Each fibre sensor has distinct advantages and disadvantages when compared to the other as
a direct result of the fabrication method adopted: The FIB milled fibre demonstrates a longer
range, but the fabrication process is inefficient. The ULAE fibre may have a shorter range, but
the fabrication process has the potential for batch production.
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Doctoral Training in Applied Photonics (EP/L01596X/1); Atomic Weapons Establishment.

Disclosures. The authors declare no conflicts of interest.



Research Article Vol. 30, No. 24 / 21 Nov 2022 / Optics Express 42932

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

References
1. R. A. Silva-Munoz and R. A. Lopez-Anido, “Structural Health Monitoring of Marine Composite Structural Joints

Using Embedded Fiber Bragg Grating Strain Sensors,” Composite Structures 89(2), 224–234 (2009).
2. J. S. Leng and A. Asundi, “Non-Destructuve Evaluation of Smart Materials by Using Extrinsic Fabry-Perot

Interferometric and Fiber Bragg Grating Sensors,” NDT & E International 35(4), 273–276 (2002).
3. R. C. Tennyson, A. A. Mufti, S. Rizkalla, G. Tadros, and B. Benmokrane, “Structural Health Monitoring of Innovative

Bridges in Canada with Fiber Optic Sensors,” Smart Mater. Struct. 10(3), 560–573 (2001).
4. D. Kinet, P. Megret, W. K. Goossen, L. Qiu, D. Heider, and C. Caucheteur, “Fiber Bragg Grating Sensors Toward

Structural Health Monitoring in Composite Materials: Challenges and Solutions,” Sensors 14(4), 7394–7419 (2014).
5. F. Ansari, “Practical Implementation of Optical Fiber Sensors in Civil Structural Health Monitoring,” J. Intell. Mater.

Syst. Struct. 18(8), 879–889 (2007).
6. F. Ansari, “Fiber Optic Health Monitoring of Civil Structures Using Long Gage and Acoustic Sensors,” Smart Mater.

Struct. 14(3), S1–S7 (2005).
7. M. Hermans, J. Gottmann, and F. Riedel, “Selective, Laser-Induced Etching of Fused Silica at High Scan-Speeds

Using KOH,” Journal of Laser Micro/Nanoengineering, 9(2), (2014)
8. J. Qi, Z. Wang, J. Xu, Z. Lin, X. Li, W. Chu, and Y. Cheng, “Femtosecond Laser Induced Selective Etching in

Fused Silica: Optimization of the Inscription Conditions with a High-Repetition-Rate Laser,” Opt. Express 26(23),
29669–29678 (2018).

9. H. Y. Choi, K. S. Park, S. J. P. U.-C. Paek, B. H. Lee, and E. S. Choi, “Miniature fiber-optic high temperature sensor
based on a hybrid structured Fabry–Perot interferometer,” Opt. Lett. 33(21), 2455–2457 (2008).

10. T. Wei, Y. Han, H.-L. Tsai, and H. Xiao, “Miniaturized fiber inline Fabry-Perot interferometer fabricated with a
femtosecond laser,” Opt. Lett. 33(6), 536–538 (2008).

11. K. A. Murphy, M. F. Gunther, A. M. Vengsarkar, and R. O. Claus, “Quadrature phase-shifted, extrinsic Fabry–Perot
optical fiber sensors,” Opt. Lett. 16(4), 273–275 (1991).

12. F. Guo, T. Fink, M. Han, L. Koester, J. Turner, and J. Huang, “High-sensitivity, high-frequency extrinsic Fabry-Perot
interferometric fiber-tip sensor based on a thin silver diaphragm,” Opt. Lett. 37(9), 1505–1507 (2012).

13. M. Born and E. Wolf, Principles of Optics, 6th ed. (Pergamon Press Ltd, 1980), Chap. 7, pp. 323–327.
14. Y. Jiang, “Fourier Transform White-Light Interferometry for the Measurement of Fiber-Optic Extrinsic Fabry–PÉrot

Interferometric Sensors,” IEEE Photonics Technol. Lett. 20(2), 75–77 (2008).
15. W. Zhang, B. Xiong, B. Shao, X. Lei, and W. Chen, “A Demodulation Model of Dynamic Low-Finesse Fabry-Perot

Cavity Based on the Instantaneous Frequency,” IEEE Access 8, 71074–71082 (2020).
16. Y. Wu, L. Xia, N. Cai, and L. Zhu, “A Highly Precise Demodulation Method for Fiber Fabry-Perot Cavity Through

Spectrum Reconstruction,” IEEE Photonics Technol. Lett. 30(5), 435–438 (2018).
17. C. A. Ross, D. G. MacLachlan, D. Choudhury, and R. R. Thomson, “Optimisation of Ultrafast Laser Assisted Etching

in Fused Silica,” Opt. Express 26(19), 24343–24356 (2018).

https://doi.org/10.1016/j.compstruct.2008.07.027
https://doi.org/10.1016/S0963-8695(01)00060-3
https://doi.org/10.1088/0964-1726/10/3/320
https://doi.org/10.3390/s140407394
https://doi.org/10.1177/1045389X06075760
https://doi.org/10.1177/1045389X06075760
https://doi.org/10.1088/0964-1726/14/3/001
https://doi.org/10.1088/0964-1726/14/3/001
https://doi.org/10.1364/OE.26.029669
https://doi.org/10.1364/OL.33.002455
https://doi.org/10.1364/OL.33.000536
https://doi.org/10.1364/OL.16.000273
https://doi.org/10.1364/OL.37.001505
https://doi.org/10.1109/LPT.2007.912567
https://doi.org/10.1109/ACCESS.2020.2987466
https://doi.org/10.1109/LPT.2017.2787098
https://doi.org/10.1364/OE.26.024343

