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ABSTRACT

A reflective fiber optic sensor based on a Fabry-Perot cavity made by splicing two sections of multimode fiber is
demonstrated to measure the needle curvature. The sensing structure was incorporated into a medical needle and
characterized for curvature and temperature measurements. The maximum sensitivity of -0.152dB/m™ was obtained to
the curvature measurements, with a resolution of 0.089m™. When subjected to temperature, the sensing head presented a
low temperature sensitivity, which resulted in a small cross-sensitivity.
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1. INTRODUCTION

The needle insertion procedures are commonly used for surgical interventions, diagnostic and therapeutic applications.
Therefore, it is extremely important developing miniaturized sensors that are capable of being incorporated into such
needles and be capable of measuring physical, chemical, or biochemical parameters [1, 2].

The Fabry—Perot (FP) interferometers can be a type of sensing structure to be explored due to the ability of producing
sensing probes that can be optically interrogated in a reflection configuration. A popular configuration is the fiber
microsphere to form FP interference. The first works based on the use of spherical air bubbles as sensing element were
applied for strain sensors [3, 4], since then, several works with air bubbles have been presented [5-8]. The optical fiber
offers a great solution for curvature measurements due to its intrinsic characteristics, such as compact dimensions,
lightweight, capability of multiplexing, immunity to electromagnetic interference, chemical inertness, and the resistance
to corrosion [5]. For the case study, curvature sensing in medical needles, optical fiber sensors based on fiber Bragg
grating sensors have already been reported [1, 9-11].

In the present work, the development of a FP air cavity made by splicing two sections of multimode fiber is proposed.
The sensor was incorporated into a medical needle and characterized for curvature measurements. To the best of our
knowledge, it is the first time that the curvature of a medical needle with a Fabry-Perot sensor has been studied.

2. EXPERIMENTAL RESULTS AND DISCUSSION

2.1 Fabrication process and experimental setup

The FP cavity developed in this work was obtained by producing an air bubble between two sections of multimode fiber
(MMF GIF625, supplied by Thorlabs, Newton, NJ, USA) using a splicing machine (Fujikura 62S) and aligned using the
manual mode. The procedure used to fabricate the sensing devices is adapted from [5]. The parameters used to produce
the microcavities were found empirically. However, once they were set, it was possible to reproduce the sensor and
fabricate it with the desired dimensions. The length of the sensing device was measured through microscope photograph,
whereas the two adjacent peak wavelengths were obtained from the sensing head spectral response, and it was
determined to be of 225 pum.
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The spectral response of this sensing structure was observed by connecting it to an optical circulator. A broadband
optical source (bandwidth of 50 nm, centered at 1550 nm), and an optical spectrum analyzer (OSA Yokogama,
AQ6370C) were connected to the other two ports of this optical component, in a typical reflection scheme, as shown

in Figure 1. The circulator provides interrogation of the sensing head in reflection and the OSA reads the spectral
response of the sensing head with a resolution of 0.1 nm and 0.01 dB.
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Figure 1. Scheme of the experimental setup and microscope image of the curvature sensor.

2.2 Curvature sensing

In curvature study, the handle of the needle was fixed on the adjustable platform and stacked on the surface of the steel
ruler. The displacement along the needle was applied with a translational platform. The needle used throughout this work
is 70 mm long, an internal diameter of 0.34 mm, whereas the uncoated optical fiber diameter is 0.125 mm. The location

of the sensor is about 10 mm from the tip of the needle. The curvature expression could be calculated by the geometric
relationship [12]:
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A curvature study was carried out using a translation stage and subjecting the needle with the sensor to curvature
variations. The needle was placed parallel to the translation stage and a displacement was applied (recall Figure 1). In
Figure 2 are shown the reflection spectra of the developed cavity, during the curvature tests in the needle. As it is

possible to observe there is a variation in light intensity. This is due to the variation of the curvature radius which will
influence the coupling efficiency of the FP mirrors.
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Figure 2. Spectral response of the FP cavity during the curvature tests.
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Figure 3 shows the optical power response of the both rotations on the needle. The experimental data was well adjusted
for a linear function. All the experiments were performed several times and by considering both the increase and
decrease of curvature. There was good reproducibility of the results, evidencing the reversibility of the sensing structure.
From Figure 3, it is visible the relationship between the sensing structure and the rotation of the needle. By turning the
needle 90° (Figure 3b), the sensing structure presents a residual sensitivity to curvature, while with a 0° rotation of the
needle, a maximum sensitivity of -0.152 + 0.006 dB/m™ is obtained (Figure 3a).
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Figure 3. Curvature responses of the sensor head for two different rotation on the needle.

The required needle curvature depends on the clinical application under consideration. In Figure 4, it is presented the
relation between the optical and the radius of curvature. This result shows that the sensor is suitable for radius of
curvature between ~ 228.22 mm and ~ 818.16 mm, ideal for a few medical applications [13, 14].
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Figure 4. Radius of curvature response of the sensing structure.

The temperature response of the FP was also studied. It was used a thermal chamber (Model 340, challenge Angelantoni
Industry) and the optical power variations were monitored by using the same interrogation scheme as shown in Figure 1.
The temperature was raised in steps of 10 °C, from 10 °C until 100 °C, and maintained ca. 30 min at each step in order to
ensure temperature stabilization. The same process for the cooling was followed. The proposed sensor exhibited very
low thclarmal dependence (4.87x10° + 0.002dB/°C). The cross-sensitivity between this parameter and curvature was
0.03m™/°C.
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3. CONCLUSIONS

In summary, a microcavity sensor was fabricated by using the electric arc discharge technique to create an air bubble
between two sections of a multimode fiber. The sensing head was subjected to curvature measurements, and it was
evident the relationship between the sensing structure and the rotation of the needle. By turning the needle 90°, the
sensing structure only has a residual sensitivity to curvature, while with a 0° rotation of the needle, a maximum
sensitivity of -0.152 + 0.006 dB/m™ was obtained. The sensor was also tested to the temperature variations and the
proposed FP demonstrated a residual sensitivity to the temperature, proving a maximum cross-sensitivity of 0.03m™/°C.
This kind of measurements can be considered an added value both for industry (in the manufacture of medical needles)
and medicine, i.e., in different surgical procedures that require precision when inserting the needles into different soft
tissues.

ACKNOWLEDGMENT

This work is financed by the ERDF — European Regional Development Fund through the Operational Programme for
Competitiveness and Internationalization - COMPETE 2020 Programme and by National Funds through the Portuguese
funding agency, FCT - Fundacdo para a Ciéncia e a Tecnologia within project ENDOR - Endoscope based on New
Optical Fibre Technology for Raman Spectroscopy (POCI-01-0145-FEDER-029724).

REFERENCES

[1] Monen, A. Kemp, M. Misra, S., “3D Flexible Needle Steering in Soft-Tissue Phantoms using Fiber Bragg
Grating Sensors,” In International Conference on Robotics and Automation, Proc. IEEE, 5823-5829 (2013).

[2] Abolhassani, N. Patel, R.V. Moallem, M., “Needle insertion into soft tissue: A survey,” Medical Engineering
and Physics, 29 (4), 413-431 (2007).

[3] Villatoro, J. Finazzi, V. Coviello, G. and Pruneri, V., “Photonic-crystal-fiber-enabled micro-Fabry-Perot
interferometer,” Opt. Lett., 34 (16), 2441-2443 (2009).

[4] Li, E. Peng, G. D. and Ding, X., “High spatial resolution fiber-optic Fizeau interferometric strain sensor based
on an in-fiber spherical microcavity,” Appl. Phys. Lett., 92, 101117 (2008).

[5] Novais, S. Ferreira, M. S. Pinto, J.L., “Lateral load sensing with an optical fiber inline microcavity,” Photonics
Technology Letters, 29 (17), 1502-1505 (2017).

[6] Novais, S. Ferreira, M. S. Pinto, J.L., “Relative humidity fiber sensor based on multimode interferometer coated
with agarose gel,” Coatings, 8 (453), 1-9 (2018).

[7] Novais, S. Ferreira, M. S. Pinto, J.L., “Optical fiber Fabry Perot tip sensor for detection of water-glycerin
mixtures,” Journal of Ligthwave Techn., 36 (9), 1576-1582 (2018).

[8] Zheng, D. Madrigal, J. Barrera, D. Sales, S, Copmany., “Microwave Photonic Filtering for Interrogating FBG-
based Multicore Fiber Curvature Sensor,” IEEE Photonics Technology Letters, 29 (20), 1707-1710 (2017).

[9] Roesthuis, R. J. Kemp, M. Dobbelsteen, J. J. Misra, S., “Three-dimensional needle shape reconstruction using
an array of fiber bragg grating sensors,” IEEE/ASME Transactions on Mechatronics, 19 (4), 1115-1126 (2014).

[10]Park, Y-L. Elayaperumal, S. Daniel, B. Rye, S. C. Shin, M. Savall, J. Black, R. J., “MRI-compatible haptics:
Feasibility of using optical fiber Bragg grating strain-sensors to detect deflection of needles in an MRI
environment,” International Society for Magnetic Resonance in Medicine (ISMRM), 16th Scientific Meeting
and Exhibition (2008).

[11] Henken, K. Gerwen, D. V. Dankelman, J. Dobbelsteen, J. J., “Accuracy of needle position measurements using
fiber Bragg grating,” Minimally Invasive Therapy, 21, 408-414 (2012).

[12]Fu, G. Li, Y. Li, Q. Yang, J. Fu, X. Bi, W., “Temperature Insensitive Vector Bending Sensor based on
Asymmetrical Cascading SMF-PCF-SMF Structure,” IEEE Photonics Journal, 9 (3), 7103114 (2017).

[13]Khadem, M. Rossa, C. Usmani, N. Sloboda, R.S., “Tavakoli M. Introducing Notched Flexible Needles with
Increased Deflection Curvature in Soft tissue,” IEEE International Conference on Advanced Intelligent
Mechatronics (AIM), 16340787 (2016).

[14] Troy, K. A, Greer, J. D. Laeseke, P. F. Hwang, G. L. Okumura, A. M., “Methods for Improving the Curvature
of Steerable Needles in Biological Tissue,” IEEE Transactions on Biomedical Engineering, 63 (6), 1167-1177
(2016).

Proc. of SPIE Vol. 11199 111991B-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 03 Sep 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



