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Simultaneous measurement of 
transverse load and temperature 
using hybrid structured fiber-optic 
Fabry–Perot interferometer
Yongfeng Wu, Yundong Zhang, Jing Wu & Ping Yuan

We experimentally demonstrated a novel fiber-optic hybrid structured Fabry–Perot interferometer 
with special air-cavity for simultaneous measurement of transverse load and temperature. By the linear 
phase finite impulse response filters, the transverse load sensitivities of the air-cavity and the silica-
cavity are 1272.71 pm/N and −53.07 pm/N, respectively, and temperature sensitivities of the air-cavity 
and silica-cavity are 1.1 pm/°C and 14 pm/°C. Thus, the different sensitivities of silica-cavity and air-
cavity to transverse load and temperature indicate that such a structure can be used to simultaneously 
measure transverse load and temperature.

In recent years, fiber-optic Fabry–Perot interferometer (FPI) has drawn great attention and been used for various 
physical quantities sensing, such as temperature1–3, strain4–7, pressure8–10, and transverse load11 et al., due to its 
advantages of low cost, high sensitivity, ultra-compactness and reliability. During the physical quantity sensing 
process, temperature fluctuation will introduce extra error. Normally, temperature compensation is added to the 
sensing system, which make it quite complex. Another way to solve this problem is to realize concurrent sensing 
of desired physical quantity and temperature. This is not just diminishing cost and complexity of the sensing sys-
tem but also solving the temperature-induced crossing-sensitivity issue. Therefore, simultaneous measurement of 
desired physical quantity and temperature has became an important topic in sensing.

Various hybrid structured FPIs have been fabricated for concurrent measurement of temperature and pres-
sure12, temperature and refractive index13, pressure and temperature14, 15, temperature and strain16. In 2012, Pevec 
S. et al. proposed and fabricated hybrid structured FPI which consisted of two low-finesse Fabry–Perot reso-
nators integrated into a standard lead-in single mode fiber (SMF) for simultaneous measurement of pressure 
and temperature14. At the same time, in 2014, Pevec S. et al. also proposed and fabricated another simultaneous 
measurement of pressure and temperature sensor based on hybrid structured FPI by chemical etching. In 2014, 
Zhou A. et al. proposed and fabricated hybrid structured FPI by fusion splice between SMF and several electrical 
arc discharges for simultaneous measurement of strain and temperature. However, these hybrid structured FPIs 
reported are not suitable for simultaneous measurement of transverse load and temperature for the reason that 
cavity heights of these structures are not higher than the cladding diameter of the SMF.

In this paper, a novel fiber-optic hybrid structured FPI with special air-cavity that air-cavity height is higher 
than the cladding diameter of SMF is proposed and experimentally demonstrated for simultaneously measure 
transverse load and temperature. The hybrid structured FPI can be easily fabricated by fusion splice SMF to silica 
capillary and then electrical arc discharge melting capillary to become hollow microsphere with special air-cavity, 
and final fusion splice SMF to hollow microsphere and cleaving to form silica-cavity. The transverse load sensi-
tivity of air-cavity is positive, on the contrary, silica-cavity is negative. In addition, silica-cavity to temperature is 
more sensitive compared to air-cavity. Therefore, the hybrid structured FPI proposed is appropriate for applica-
tion to simultaneously measure transverse load and temperature.

Fabrication and Principle
The process of the hybrid structured FPI proposed is shown in Fig. 1(a)–(d). Firstly, a silica capillary with outer 
diameter of 125 μm and inner diameter of 50 μm as shown in Fig. 1(e) was spliced to SMF by fiber fusion splicer 
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(Fujikura FSM-45PM), as shown in Fig. 1(a). In order to guarantee silica capillary not collapsed during the fusion 
splice process, the fusion splicer was set to special parameters that arc discharge power was −100 bit, and arc 
discharge duration time was 400 ms and arc distance from discharge position to fusion splice point was 120 μm. 
Furthermore, arc of extremely strong (70 bit) and long duration time (2000 ms) discharge deviating about 160 μm 
from splice point were used to make sure that silica capillary was completely collapsed and cut off to form hollow 
microsphere with an air-cavity, as shown in Fig. 1(b). Finally, SMF was spliced to the end of the hollow micro-
sphere and SMF was cleaved to become silica-cavity, as shown in Fig. 1(c) and (d). The microscope image of 
hybrid structured FPI is shown in Fig. 1(f). The air-cavity height and length are respectively 170 μm and 85 μm, 
and silica-cavity length is 130 μm.

As shown in Fig. 1(d), I1, I2, and I3 are light intensities reflected by reflective surface M1, M2, and M3, respec-
tively; L1 and L2 are respectively the air-cavity and silica-cavity length. The intensity of the interference fringes 
can be written as

φ φ φ= + + + + + ‐I I I I I I I I I I2 cos( ) 2 cos( ) 2 cos( ) (1)1 2 3 1 2 air 2 3 silica 1 3 air silica

where φair = 4πn1L1/λ, φsilica = 4πn2L2/λ, φair-silica = φair + φsilica, are the phase shifts corresponding to air-cavity, 
silica-cavity, and the hybrid-cavity, respectively; n1 and n2 are respectively refractive indexes of air and SMF; λ is 
the incident light wavelength.

The reflection spectrum was observed by a broadband source, 3 dB coupler and an optical spectrum ana-
lyzer. The reflection spectrum of the hybrid structured FPI is shown in Fig. 2(a). The spatial frequency spectrum 
was acquired by fast Fourier transform of the reflection spectrum, as shown in Fig. 2(b). There are three peaks 
in the spatial frequency spectrum that peak 1, peak 2 and peak 3 are resulted from air-cavity, silica-cavity and 
hybrid-cavity (air plus silica). The spatial frequency values of peak 1, peak 2 and peak 3 are f1 = 2n1L1/λ1λ2, 
f2 = 2n2L2/λ1λ2 and f3 = f1 + f2, respectively, where λ1 and λ2 are two adjacent dips wavelengths of the reflection 
spectrum. By the linear phase finite impulse response filters, the wavelength spectra of air-cavity and silica-cavity 
can be extracted from the reflection spectrum, as shown in Fig. 3.

Such a hybrid structured FPI can be used to simultaneously measure transverse load and temperature. The 
transverse load increasing can cause the air-cavity height to shorten and air-cavity length to lengthen. Thus, spec-
trum of air-cavity is redshift with the transverse load increasing. At the same time, since phase shift of silica-cavity 
is reducing with the transverse load increasing, spectrum is blueshift with the transverse load increasing for 
silica-cavity. In addition, for temperature sensing, air-cavity is only affected by thermal expansion coefficient of 
silica, and silica-cavity is affected by the thermal expansion coefficient and the thermo-optic coefficient of silica, 
thus the silica-cavity is more sensitive to temperature than air-cavity. Since the air-cavity and the silica-cavity are 

Figure 1.  (a)–(d) Schematic of the fabrication process of hybrid FPI; (e) the microscope image of silica 
capillary cross-section with outer diameter of 125 μm and inner diameter of 50 μm; (f) the microscope image of 
hybrid FPI.
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different response to transverse load and temperature, this hybrid structured FPI can realize to simultaneously 
measure transverse load and temperature.

Experiments and Discussions
The experimental setup of transverse load for this hybrid structured FPI is shown in Fig. 4. The hybrid structured 
FPI is horizontally placed between two parallel glass slides in the transverse load measurement. As shown in 
Fig. 5(a), spectrum of air-cavity has a redshift with the transverse load increasing and the transverse load sensitiv-
ity of 1272.71 pm/N is acquired. Moreover, with the increasing of transverse loads, spectrum has a blueshift and 
its sensitivity to transverse load is −53.07 pm/N for silica-cavity, as shown in Fig. 5(b).

Since the transverse load increases, the air-cavity height is shorter and air-cavity length is longer. Therefore, 
spectrum appears redshift with the transverse load increasing for air-cavity that is in accordance to the exper-
imental results. As shown in Fig. 6(a) and (b), simulated light propagation by beam propagation method in 
the hybrid structured FPI with silica-cavity length of 130 μm for different shapes of air-cavities, at the input 
wavelength of 1550 nm, where the z-axis is the light propagation direction. Figure 6(a) and (b) are respectively 

Figure 2.  (a) Reflection spectrum and (b) spatial frequency spectrum.

Figure 3.  The wavelength spectra after FIR filtering. (a) The air-cavity (b) the silica-cavity.

Figure 4.  Experimental setup of transverse load measurement.
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corresponding to the air-cavities of 170 × 85 μm (height × length) and 150 × 105 μm. From the Fig. 6(a) and (b), 
light beam reflected by spherical reflector M2 can be approximately a near axis optical system. The divergent beam 
reflected can be converged at convergent point through reflected by spherical, as shown in Fig. 6(c). Therefore, the 
strongest interference of the two beams reflected by reflective surface M2 and M3 should be at convergent point. 
The intensity of the interference fringes for silica-cavity can be accurately written as

π
λ

π
λ

= +




+


I I I I I n L n L2 cos 4 4 ,

(2)2 3 2 3
2 2 1 3

where L3 is the distance between convergent point and reflective surface M2. Schematic diagram of spherical 
reflected light is shown in Fig. 6(d). The relation between object and image of spherical mirror is as follow

+ =
L L R
1 1 2 ,

(3)1 3

where L1 is distance between beam divergent point and reflective surface M2(air-cavity length); R is the radius of 
spherical reflector M2. The transverse load makes the air-cavity length (L1) lengthen as well as air-cavity height 
shorten so that it causes R to become smaller. According to Eq. (3), L3 is smaller for the reason that L1 is larger and 

Figure 5.  The transverse load response. (a) Air-cavity and (b) silica-cavity; insets show spectra under different 
transverse load.

Figure 6.  Simulated light propagation in the hybrid structured FPI with silica-cavity length of 130 μm for air-
cavities of (a) 170 × 85 μm (height × length) and (b) 150 × 105 μm. (c) Schematic diagram of light reflected by 
spherical surface converged at convergent point. (d) Schematic diagram of spherical reflected light.
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R is smaller with the transverse load increasing. Since phase shift of silica-cavity is smaller as result of smaller L3 
according to Eq. (2), the spectrum is blueshift with the transverse load increasing for silica-cavity. The experimen-
tal results are in accordance to the theoretical analysis.

To investigate the temperature response of this structure, the structure is placed in a furnace to raise its tem-
perature from 100 °C to 800 °C with a step of 100 °C. The wavelength shift for the air-cavity and silica-cavity with 
different temperature are shown in Fig. 7. The temperature sensitivities of the air-cavity and silica-cavity are 
respectively 1.1 pm/°C and 14 pm/°C. The experimental results show that the silica-cavity is about 10 times more 
sensitive to temperature than silica-cavity.

The wavelength of dip is respectively λ0 = 2n1L1/m and λ0 = 2n2L2/m for air-cavity and silica-cavity, where m 
is integer. The wavelength shift of air-cavity and silica-cavity to temperature are given by

λ λ ε κ λ∆
∆

=
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

∆
∆ ∗

+
∆

∆ ∗

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n
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( )
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where ε = 5.5 × 10−7 and κ = 1.0 × 10−5 are respectively the thermal expansion coefficient and the thermo-optic 
coefficient for silica11. It is obviously that the thermal expansion coefficient only affects air-cavity, however the 
thermal expansion coefficient and the thermo-optic coefficient affect silica-cavity. The silica-cavity is about 10 
times more sensitive to temperature than air-cavity for the reason that the thermo-optic coefficient is over 10 
times larger than the thermal expansion coefficient for silica. The experimental results are in accordance to the 
theoretical analysis.

The experimental results show spectrum has redshift to transverse load for air-cavity whereas spectrum of 
silica-cavity has blueshift. In addition, the sensitivity of silica-cavity is more over 10 times to temperature than 
the air-cavity. Due to different response of air-cavity and silica-cavity to transverse load and temperature for this 
structure, it can realize to simultaneously measure transverse load and temperature. The resolution matrix for 
concurrent measurement can be expressed as

Figure 7.  The temperature sensing. (a) Air-cavity and (b) silica-cavity; insets show spectra under different 
temperature.

Figure 8.  Comparison between applied and matrix method.
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where k11 and k12 are respectively the transverse load and temperature sensitivity of the air-cavity and k21 and k22 
are respectively the transverse load and temperature sensitivity of the silica-cavity. In the matrix, Δλair and Δλsilica 
represent the wavelength shifts of air-cavity and silica-cavity, respectively; ΔN and ΔT are respectively variations 
of transverse load and temperature.

The performance of simultaneous measurement of transverse load and temperature for the sensor was esti-
mated by resolution matrix. Choosing 400 °C as reference temperature, Δλair and Δλsilica obtained transverse 
load variations in a range of 0–3.2634 N are inputted into resolution matrix to analyze the effects of varying 
transverse load on temperature measurement. Selecting 1.813 N as reference transverse load, Δλair and Δλsilica 
acquired temperature variation from 100 °C to 800 °C are brought into resolution matrix to investigate the effects 
of changing temperature on transverse load measurement. As shown in Fig. 8, the maximum deviations calcu-
lated by resolution matrix are respectively ~0.0489 N and ~2 °C for simultaneous measurement of transverse load 
and temperature.

Conclusions
In conclusion, a novel hybrid structured fiber-optic FPI is proposed and experimental demonstrated for simul-
taneous measurement of transverse load and temperature with the advantages of high sensitivity, low cost and 
compact, and easy fabrication. Owing to different response of air-cavity and silica-cavity to transverse load and 
temperature, simultaneous measurement of transverse load and temperature can be easily achieved by a resolu-
tion matrix method. Experimental results indicate that such a sensor is suitable for application to concurrently 
measure transverse load and temperature.

References
	 1.	 Choi, H. Y. et al. Miniature fiber-optic high temperature sensor based on a hybrid structured Fabry–Perot interferometer. Opt. Lett. 

33, 2455–2457 (2008).
	 2.	 Ding, W. H., Jiang, Y., Gao, R. & Liu, Y. W. High-temperature fiber-optic Fabry-Perot interferometric sensors. Rev. Sci. Instrum. 86, 

055001 (2015).
	 3.	 Li, M. et al. Ultracompact fiber sensor tip based on liquid polymer-filled Fabry-Perot cavity with high temperature sensitivity. Sensor 

Actuat B-Chem. 233, 496–501 (2016).
	 4.	 Ferreira, M. S. et al. Towards the control of highly sensitive Fabry-Pérot strain sensor based on hollow-core ring photonic crystal 

fiber. Opt. Express 20, 21946–21952 (2012).
	 5.	 Liu, S. et al. High-sensitivity strain sensor based on in-fiber improved Fabry–Perot interferometer. Opt. Lett. 39, 2121–2124 (2014).
	 6.	 Liu, S. et al. High-sensitivity strain sensor based on in-fiber rectangular air bubble. Sci. Rep. 5, 7624 (2015).
	 7.	 Liu, Y., Wang, D. N. & Chen, W. P. Crescent shaped Fabry-Perot fiber cavity for ultra-sensitive strain measurement. Sci. Rep. 6, 38390 

(2016).
	 8.	 Liao, C. R. et al. Sub-micron silica diaphragm-based fiber-tip Fabry–Perot interferometer for pressure measurement. Opt. Lett. 39, 

2827–2830 (2014).
	 9.	 Eom, J. et al. Fiber optic Fabry–Perot pressure sensor based on lensed fiber and polymeric diaphragm. Sensor Actuat A-Phys. 225, 

25–32 (2015).
	10.	 Chen, W. P., Wang, D. N., Xu, B., Zhao, C. L. & Chen, H. F. Multimode fiber tip Fabry-Perot cavity for highly sensitive pressure 

measurement. Sci. Rep. 7, 368 (2017).
	11.	 Ma, J., Ju, J., Jin, L., Jin, W. & Wang, D. N. Fiber-tip micro-cavity for temperature and transverse load sensing. Opt. Express 19, 

12418–12426 (2011).
	12.	 Bae, H., Yun, D., Liu, H. J., Olson, D. A. & Yu, M. Hybrid miniature Fabry–Perot sensor with dual optical cavities for simultaneous 

pressure and temperature measurements. J. Lightwave Technol. 32, 1585–1593 (2014).
	13.	 Wang, T. T. & Wang, M. Fabry–Pérot fiber sensor for simultaneous measurement of refractive index and temperature based on an 

in-fiber ellipsoidal cavity. IEEE Photonic. Tech. L. 24, 1733–1736 (2012).
	14.	 Simon, P. & Denis, D. Miniature all-fiber Fabry–Perot sensor for simultaneous measurement of pressure and temperature. Appl. 

Optics 51, 4536–4541 (2012).
	15.	 Simon, P. & Denis, D. Miniature fiber-optic sensor for simultaneous measurement of pressure and refractive index. Opt. Lett. 39, 

6221–4 (2014).
	16.	 Zhou, A. et al. Hybrid structured fiber-optic Fabry–Perot interferometer for simultaneous measurement of strain and temperature. 

Opt. Lett. 39, 5267–5270 (2014).

Acknowledgements
This work is supported by the National Natural Science Foundation of China (NSFC) under Grant Nos 61078006 
and 61275066, and the National Key Technology Research and Development Program of the Ministry of Science 
and Technology of China under Grants No. 2012BAF14B11.

Author Contributions
Y.F. Wu performed the experiments. Y.F. Wu and Y.D. Zhang analyzed the data and wrote the manuscript. Y.F. Wu, 
Y.D. Zhang, J. Wu and P. Yuan discussed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.



www.nature.com/scientificreports/

7ScIENTIfIc REPortS | 7: 10736  | DOI:10.1038/s41598-017-11218-9

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Simultaneous measurement of transverse load and temperature using hybrid structured fiber-optic Fabry–Perot interferometer

	Fabrication and Principle

	Experiments and Discussions

	Conclusions

	Acknowledgements

	Figure 1 (a)–(d) Schematic of the fabrication process of hybrid FPI (e) the microscope image of silica capillary cross-section with outer diameter of 125 μm and inner diameter of 50 μm (f) the microscope image of hybrid FPI.
	Figure 2 (a) Reflection spectrum and (b) spatial frequency spectrum.
	Figure 3 The wavelength spectra after FIR filtering.
	Figure 4 Experimental setup of transverse load measurement.
	Figure 5 The transverse load response.
	Figure 6 Simulated light propagation in the hybrid structured FPI with silica-cavity length of 130 μm for air-cavities of (a) 170 × 85 μm (height × length) and (b) 150 × 105 μm.
	Figure 7 The temperature sensing.
	Figure 8 Comparison between applied and matrix method.




