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	 A refractive index (RI) and liquid level sensing scheme based on a multimode-no-core fiber 
tip with high sensitivity and precision is proposed and experimentally demonstrated by fusing a 
tapered no-core fiber (NCF) with a segment of multimode fiber. A gold film is plated on the side 
surface of the uniform waist region of the tapered NCF to stimulate surface plasmon resonance. 
The as-fabricated sensor achieves RI sensitivities of 16500 and 24000 nm/RIU (refractive index 
unit) in the RI ranges of 1.34 to 1.38 and 1.39 to 1.41, respectively. High-precision liquid level 
sensing with a range from 0.1 to 2.0 mm is obtained simultaneously. The designed sensing 
structure in this work offers simplicity and ease of implementation, which makes it a promising 
option for high-sensitivity and high-precision sensing applications.

1.	 Introduction

	 Refractive index (RI) is the basic physical property of a substance, and RI sensing can be 
used in various processes such as in biomedicine, pH detection, food processing, and chemical 
reaction.(1–3) Optical fiber sensing for RI measurement has been widely implemented because of 
its advantages of anti-electromagnetic interference, strong remote monitoring ability, and low 
price.(4–7)

	 Similarly, high-precision liquid level sensing is of considerable significance in chemical 
industry, oil storage, public water supply, and so forth. By monitoring the changes in physical 
quantities related to liquid level information, the remote monitoring and control of liquid level 
can be achieved. Since optical fibers have advantages of anti-electromagnetism and anti-high 
temperature, and are appropriate for application in flammable and explosive scenes, the optical 
fiber liquid level sensor has been widely used.(8–10)

	 At present, there are two types of optical fiber liquid level sensor: fiber grating sensor(11–13) 
and fiber mode interference sensor.(14–16) In 2018, Consales et al. proposed a fiber Bragg grating 
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(FBG) liquid level sensor with a sensitivity of ∼27 pm/cm.(11) Compared with the grating sensor 
mentioned above, the mode-interference-type liquid level sensors made with biconical fiber, 
D-type fiber, dislocation fiber, and other fibers have relatively high sensitivity. For example, 
Tian et al. proposed a liquid level sensor based on an asymmetric dual side-hole fiber with a 
high pure water sensitivity of 4.019 nm/mm in 2019.(16) However, the mode-interference-type 
sensors usually have the disadvantage of relatively poor structural robustness.
	 Most optical fiber sensors based on the SPR effect need to remove the fiber cladding by 
chemical corrosion, side-polishing, tapering, and so forth. Then, the evanescent wave of the 
optical fiber can excite the surface plasma wave at the metal-external environment interface. 
The no-core fiber (NCF) as a special optical fiber has unique transmission characteristics.(17) 
When light is transmitted in the NCF, the NCF can be considered as the core and the external 
environment can be considered as the cladding. Therefore, evanescent waves can be generated at 
the interface of the optical fiber and the external environment. When the evanescent wave 
phase-matches with the plasma wave on the metal surface, the SPR effect occurs. By 
appropriately controlling the core diameter of the NCF, a high-quality output spectrum can be 
obtained.(18)

	 In this work, a reflective probe of multimode (MMF)-NCF structure is designed by splicing 
an MMF with a tapered NCF. The NCF end is cut off from the waist area to form an MMF-NCF 
tip, and then the uniform waist area of the fiber tip and the tip surface is gold-plated to achieve 
high-sensitivity RI sensing and high-precision liquid level sensing.

2.	 Fabrication and Sensing Principle

	 Figure 1(a) shows the schematic structure of the proposed RI and liquid level sensor in this 
work. The fabrication processes used are as follows. First, an MMF (diameters of the fiber core 
and cladding are 105 and 125 μm, respectively) is fused with an NCF (diameter of the cladding is 
125 μm) of about 3 cm length using a fusion splicer (Fujikura 80C+), and then the fused fiber is 
tapered into a microfiber with a uniform waist area diameter of about 72 μm using a tapering 
machine (Shanghai Oubo Optoelectronics Technology Co., Ltd.). Then, the NCF is cut from the 

Fig. 1.	 (Color online) (a) Schematic structure of the refractive index and liquid level sensor. (b) Microscopy image 
of the as-fabricated sensor.
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uniform waist area to make the multi-mode NCF tip (MMF-NCF-tip). The finally obtained 
sensor is shown in Fig. 1(b).
	 The MMF-NCF-tip structure is inserted into an optical fiber connector with an aperture of 
125 μm and the length of the exposed uniform NCF tip is 2 mm. Then, we put the NCF tip into 
the magnetron sputtering instrument (ETD-900M, Elaborate Technology Development Ltd. Co., 
China) vertically, about 2 cm away from the gold target, and coat the end face and the side 
surface of the exposed uniform area with gold film. The coating time is set to 180 ms. After the 
coating is finished, we take out the sample from the magnetron sputtering instrument and take 
out the joint along the other end of the fiber tip to avoid damaging the plated gold film. The gold 
film  at the end of the optical fiber mainly plays a reflection role, and the gold film on the side 
surface of the optical fiber is used to stimulate SPR.
	 Since the diameter of the NCF is relatively larger than the wavelength of the incident light, 
the ray optics method is used to describe the transmission of light in the optical NCF tip, as 
shown in Fig. 2.
	 After the light is reflected through the gradient region many times, it is coupled into the 
uniform tip region at an incident angle θn, and the evanescent field generated in the uniform tip 
region will be coupled to the surrounding medium. When the wave vector kspp of the polariton 
generated at the interface and the evanescent wave vector k0x coupled to the surrounding 
medium are equal, phase matching occurs.(19) Then, plasmon resonance occurs on the surface of 
the gold film, i.e.,

	 0x sppk k= ,	 (1)

	 0 sinx f nk
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Fig. 2.	 (Color online) Propagation of light in the NCF sensing area.
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where ω is the frequency of the light wave, c is the propagation rate of light in vacuum, and εf, ε1, 
and ε2 are the dielectric constants of the optical fiber, gold film, and external environment 
media, respectively.
	 When the light is transmitted to the end face of the NCF tip, it will be retroreflected through 
the reflector formed by the gold film on the end face. Thus, the sensing length of the reflective 
probe of the fiber tip structure is twice the actual length of the sensing fiber. Whenever SPR 
occurs in the fiber tip, the energy of the incident light will be lost once; thus, the total reflection 
coefficient is the accumulation of each reflection coefficient. Suppose that the number of total 
reflections at the optical fiber tip is

	 ( , , )
tann

n

LN L D
D

θ
θ

= ,	 (4)

where L is the sensing length of the NCF tip coated with gold film and D is the diameter of the 
NCF tip.
	 The total reflection coefficient of the optical fiber tip reflection probe can be expressed as a 
complex function of multiple parameters:(20)

	
( , , )
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θ
θ λ λ λ =   ,	 (5)

where the reflection coefficient r of the primary reflection is related to the thickness d of the 
gold film, the complex refractive index nm of the gold film, the refractive index nf of the optical 
fiber, and the refractive index ns of the environmental medium.
	 It can be seen from Eq. (5) that the reflection spectrum is closely related to the ns of the 
ambient medium. Next, we will discuss the sensing properties of the SPR-based tapered NCF tip 
at different external RIs and liquid levels.

3.	 Experiment Details and Discussion

	 The experimental setup for measuring the RI and liquid level is shown in Fig. 3. The sensing 
system includes a halogen light source [360–2000 nm, HL - 2000, Ocean Optics (Shanghai) Co., 
Ltd., China], a Y-type coupler, the sensing structure, a spectrometer [USB 4000, Ocean Optics 
(Shanghai) Co., Ltd., China], and a computer. The sensing device is fixed on the micro-
controllable lift platform to facilitate the precise control and adjustment of the immersion depth 
of the MMF-NCF-tip structure into the liquid. During the experiment, the reflectance spectrum 
was collected by the spectrometer and recorded and analyzed by the computer.
	 For the first experiments, an MMF-NCF-tip structure with a 72-μm-wide NCF-tip waist area 
is fabricated. The length of the gold-film-coated area is 2 mm. Its SPR valley in water is shown 
in Fig. 4. For comparison, Fig. 4 also shows the MMF-NCF-tip reflectance spectrum with an 
NCF-tip width of 125 μm (i.e., untapered NCF). Figure 4 shows that the SPR valley generated by 
the tapered NCF tip with a diameter of 72 μm is deeper than that of the untapered NCF tip with 
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a diameter of 125 μm, making the spectrum easier to identify. This is because when light is 
transmitted into the conical region, the reflection angle of the forward transmitted light becomes 
increasingly smaller, which gradually approaches the critical angle of the total reflection in the 
NCF, and then the penetration depth increases and improves the transmission effect of the 
evanescent wave into the sensing medium, thereby maximizing the coupling between the 
evanescent wave and the surface plasma wave. Therefore, a small taper with good spectral 
performance is the best choice. In the following, an NCF tip with a waist diameter of 72 μm is 
used as the sensor sample to investigate the sensing performance under different RI liquid 
environments and liquid level heights. All the experiments are conducted at constant room 
temperature (25 ℃).
	 Before the RI sensing experiment, we prepared a group of glycerol solutions of different 
concentrations, corresponding to the RI in the range of 1.33–1.41 measured using the Abbe 
refractometer, with an interval of 0.01. When the NCF tip is immersed in different glycerol 
solutions but with the same depth (0.5 mm), the measured reflection spectrum is as shown in Fig. 

Fig. 3.	 (Color online) SPR sensing system with MMF-NCF-tip structure.

Fig. 4.	 (Color online) SPR valleys corresponding to tapered and untapered NCF tips.
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5(a). Figure 5(a) shows that as the RI of the glycerol solution increases, the SPR resonance 
wavelength shifts toward the long wavelength direction. As described in Eq. (5), the total 
reflection coefficient is related to the RI of the glycerol solution. Thus, the SPR resonance 
wavelength drifts with the ambient RI, and the experimental results are in agreement with the 
theoretical predictions.
	 By monitoring the position of the resonance wavelength under different RIs, the relationship 
between the resonance wavelength and RI is obtained and shown in Fig. 5(b). The results show 
that in the RI ranges from 1.34 to 1.38 and 1.39 to 1.41, the sensitivities are 16500 and 24000 nm/
RIU, respectively. Comparatively, the sensitivity of the previously proposed RI sensor is 
generally on the order of 103.(21,22) Therefore, the structure of the MMF-NCF tip in this study 
realizes the RI sensing with ultrahigh sensitivity.
	 During the liquid level sensing experiment, the MMF-NCF-tip sensing structure is immersed 
in water with an adjustable immersion depth. Figure 6(a) shows the SPR spectral curves 
measured in the range of 0–2 mm. Figure 6(a) shows that with the increase in liquid level depth, 
the reflection intensity of the SPR resonance valley becomes increasingly smaller, which is 
manifested as the depth of the valley becomes increasingly deeper, while the resonance 
wavelength hardly changes. The reason is that the evanescent wave generated by the total 
reflection of the NCF tip cannot be effectively coupled to a small surrounding medium such as 
air (corresponding to the unimmersed part) to excite the SPR, but it can be achieved if the 
surrounding environment is water (a high-refractive-index medium, corresponding to the 
immersed part).(23) Therefore, as the depth of immersion gradually increases, more energy is lost 
owing to the cumulative attenuated total reflection, and then the resonance valley becomes 
deeper. By monitoring the depth of the valley at different liquid levels, the variation relationship 
between the valley depth and the liquid level is obtained and shown in Fig. 6(b). Figure 6(b) 
shows that for the first 1 mm variation range of the liquid level, the depth of the valley changes 
considerably, while for the second 1 mm variation range of the liquid level, the depth of the 
valley changes relatively little. The possible reason is that the surface tension of the water makes 

Fig. 5.	 (Color online) (a) SPR valleys under different RIs and (b) relationship between the wavelength of SPR 
valley and RI.

(a) (b)
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the actual height of the water larger than the height measured in the experiment; that is, within 
the range of the measured liquid level of 1–2 mm, the actual liquid level is higher than the 
sensing length of the entire coating. The sensor structure achieves a level monitoring accuracy 
of 0.1 mm, and a higher measurement accuracy can be achieved according to actual needs. 
Compared with previous liquid level sensing results, such as the 0.26 mm monitoring accuracy 
achieved by Dong et al.’s D-type optical fiber liquid level sensor based on the principle of mode 
interference(14) and the 0.4 mm monitoring accuracy achieved by Consales et al.’s fiber Bragg 
grating liquid level sensor based on Archimedes’ buoyancy law,(11) this sensing structure 
achieves a higher precision liquid level sensing.
	 It should be pointed out that the designed sensor realizes RI and liquid level sensing based on 
two separate interrogation mechanisms, namely, wavelength interrogation and intensity 
interrogation, respectively. Therefore, it can intrinsically solve the cross-sensitivity problem 
through a single integrated sensor with a compact footprint.

4.	 Conclusions

	 In this work, an MMF-NCF-tip structure based on the SPR effect is proposed to realize high-
sensitivity RI sensing and high-precision liquid level sensing. The effect of a small taper on the 
SPR of the optical fiber tip and the mechanism of SPR spectra under different RIs and liquid 
levels are analyzed. By monitoring the SPR valley of the NCF tip with a small taper, the RI 
sensing with a sensitivity of 24000 nm/RIU and the liquid level sensing with a high precision of 
0.1 mm are obtained experimentally. The sensor structure designed in this work has advantages 
of simple and easy implementation, intrinsic immunity to cross-sensitivity, and high integration 
and miniaturization, and has broad prospects in the application of high-sensitivity and high-
precision sensing.

Fig. 6.	 (Color online) (a) SPR valleys at different liquid levels and (b) relationship between the depth of SPR valley 
and the change in liquid level.

(a) (b)
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