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Abstract— This letter presents a new optical fiber structure with 

the capability of measuring nano-displacement. This device is 

composed by a cleaved fiber and a drop-shaped microstructure 

that is connected to the fiber cladding. This optical structure is 

responsible for the light beam division and the formation of new 

optical paths. The operation mode consists of the Vernier effect 

that allows achieving higher sensitivity than the currently sensors. 

During the experimental execution, displacement sensitivities of 

1.05 ± 0.01 nm/µm, 15.1 ± 0.1 nm/µm, 24.7 ± 0.3 nm/µm and 28.3 

± 0.3 nm/µm, were achieved for the carrier, the fundamental of the 

envelope, the first harmonic and the second harmonic, 

respectively. The M-factor of 27 was attained, allowing a minimum 

resolution of 0.7 nm. In addition to displacement sensing, the 

proposed optical sensor can be used as a cantilever enabling non-

evasive measurements. 

 
Index Terms— Optical microstructure, optical fiber tip, 

micrometric displacement, optical microsphere, optical fiber 

sensor, displacement optical sensor 

 

I. INTRODUCTION 

HE first glass optical fiber appeared in the 1960s [1]. This 

invention allowed the application of optics in various fields 

such as: light sources, sensors, and communications. The first 

great achievement of the optical fiber was to have replaced the 

electric coaxial cable due to its low attenuation, which allowed 

the transmission of a signal over long distances, besides its low-

cost production. In addition, the insensitivity of fiber optics to 

electromagnetic fields allowed the design of sensors with 

applicability in micro and nano manufacturing as well as for 

determining the states of micro and nano systems.  

At the end of the 20th century to the present day, several fiber 

sensors appeared. The simplest of them is the cleaved fiber tip 

[2] that allows the conception of sensors in intensity or, if they 

are coupled to a mirror, interferometric sensors. The fiber 

sensors with the highest applicability until now are FBGs (Fiber 

Bragg Gratings) [3] and LPGs (Long-Period Fiber Grating) [4]. 

Furthermore, optical microstructures such as tapers [5] and 

microspheres [6] have produced high interest after the 

improvement of micro and nano fabrication. The taper consists 

of a narrow optical fiber (which can have conical or cylindrical 

geometry) allowing a larger evanescent field. Thus, the optical 

signal is subjected to a higher interaction with external 
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environment. It is also an excellent way to select optical modes 

to be coupled between different optical structures. 

Microspheres are usually produced by CO2 laser or by electric 

arc at the tip of the optical fiber. Currently, the study of these 

optical structures focuses on large microspheres or in its 

application to tapers. Optical microstructures also have a key 

role in the implementation of Whisper Gallery Modes (WGM) 

for sensing [7]. 

So far, several displacement sensors have been developed, 

presenting a wide range of sensitivities. For large ranges, LPGs 

FBGs and Mach-Zehnder may present sensitivities of 0.22 

nm/µm [8], 0.62 nm/mm [9] and 1.53 nm/ µm [10], 

respectively. For narrow ranges, the application of SPR 

(Surface Plasmon resonance) has also been used to increase the 

displacement sensitivity and values of 10.32 nm/ µm [11] and 

31.45 nm/nm [12] have already been achieved, however in short 

range measurement. 

Recently, the Vernier effect has been applied for the 

achievement of giant sensitivities in optical sensing.  The first 

interferometric optical sensor based on the Vernier effect 

appeared in 2011 [13], followed by several applications. This 

effect consists in the generation of two waves, the envelope, and 

the carrier, based on the overlapping of the interferometric 

fringes of two cavities, that is, a spectral beat. In this effect, the 

envelope is typically used because it reveals a higher sensitivity 

than the carrier.  

In this research, a new optical microstructure developed at 

the fiber tip is explored for sensing. This structure is fused to 

the optical fiber cladding presenting a drop-shaped geometry. 

For the purpose of displacement sensing, the operation mode 

consists in creating two optical cavities: the reference 

(generated by the drop-shaped structure) and the sensing cavity. 

The output light (optical fiber core) is divided into two beams, 

one goes to the optical drop and the other to a reflective surface. 

The light is then reflected by the reflecting surface and it is re-

coupled into the fiber core thus forming the sensing cavity. 

Therefore, three optical paths interfere with each other, giving 

rise to the Vernier effect [14]. Although there are several studies 

on cleaved tips that use the Vernier effect with multiple optical 

cavities [15], the proposed sensor uses only two optical cavities 

to avoid unwanted phenomena. This optical microstructure has 

several applications where the main one is for displacement 

sensing. It is also measured in reflection, i.e. no mechanical 
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coupling is required to the system under evaluation, allowing 

non-evasive measurements in addition to requiring less space. 

II. THEORICAL CONSIDERATIONS 

The phenomenon of two optical waves beating is widely 

known. It consists of the overlap of two optical waves leading 

to the creation of two new optical wave whose frequencies are: 

the difference of the optical wave’s frequency, named envelope, 

and a wave whose frequency is the sum of the wave’s 

frequencies, named carrier. However, this phenomenon also 

exists in interferometry and can be obtained by the overlapping 

of two interferences, that is, by the signal overlapping of two 

optical cavities, i.e., the sensing and the reference cavities. This 

phenomenon is named the Vernier effect [16]. This effect has 

as dimension the wavelength. Furthermore, in the optical 

domain, the distance between successive extremes is smaller for 

shorter wavelengths, that is, the spectral frequency depends on 

the wavelength unlike sound waves whose frequency is 

constant over time. Considering that the sensing and the 

reference cavities are Fabry-Perot interferometers, the distance 

between two consecutive maxima (FSR) can be obtained as 

follows: 

 

𝛽𝐿 = 2𝜋𝑚 (1) 

 

where β is the wavenumber, L the cavity length and m the order 

of maximum. 

Then results the following expression: 

 

𝑚 =
𝑛𝐿

𝜆
⟹ Δ𝑚 =

𝑛𝐿

𝜆2 Δ𝜆 (2) 

 

 Therefore, FSR (Δλ) is obtained when Δm = 1, that is, 

consecutive maxima: 

  

𝛥𝜆 =
𝜆2

𝑛𝐿
 (3) 

  

where n is the refractive index. 

The equation that allows to describe the fringes resulting 

from the interference between two optical paths can be 

described by: 

𝐼 =  𝐴 𝑐𝑜𝑠 (
𝜋

𝜆
𝑛𝐿) + 𝐼𝑜 (5) 

where 𝐼𝑜 the difference in intensity between the optical paths. 

So, the Vernier effect can be written as follows: 

𝐼 = 2𝑐𝑜𝑠 (
𝜋

2𝜆
[𝑛1𝐿1 − 𝑛2𝐿2]) 𝑐𝑜𝑠 (

𝜋

2𝜆
[𝑛1𝐿1 + 𝑛2𝐿2]) + 𝐼0   (6) 

where n1L1-n2L2 is associated to the envelope and n1L1+n2L2 is 

associated to the carrier. Fig. 1 presents the simulation results 

where is considered a refractive index of 1.44. For this, a 505 

µm reference cavity is used. Thus, if the sensing cavity (605 

µm) has a dimension close to the reference cavity, the 

fundamental wave of the Vernier effect is enabled. If the 

dimension of the sensing interferometer is close to double (1110 

µm), then the 1st harmonic appears and if the dimension is the 

triple (1615 µm), the 2nd harmonic is generated. The efficiency 

of the Vernier effect implementation is a relevant issue to 

determine the optimization of the system. In this effect, the 

objective is to use the envelope because it reveals a higher 

sensitivity than the carrier's sensitivity. The magnification 

factor (M factor) can be calculated when higher envelope and 

lower carrier sensitivities are shown, which is described as 

follows [17]: 

 

 

Fig. 2: Manufacture step of the optical drop at the fiber tip (a-d), microscopic 

image of the drop-shaped sensor structure (e), and its dimensions (f). 

 

 
(a)                                                      (b) 

Fig. 3: Drop-shaped sensor structure (a) internal cavity scheme and (b) optical 

spectrum.  

 

 
 

Fig. 1: Vernier effect simulation for two cavities: (a) Fundamental with 505 

µm and 605 µm, (b) 1st Harmonic with 505 µm and 1110 µm and (c) 2nd 

Harmonic with 505 µm and 1615 µm; the signals and their FFT are shown. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

 

3 

𝑀 =
𝑆𝑒𝑛𝑠𝑒𝑛𝑣

𝑆𝑒𝑛𝑠𝑐𝑎𝑟𝑟
. (7) 

III. FABRICATION AND OPERATION MODE 

The drop-shaped microstructure manufacturing process is 

described in Fig. 2. Firstly, a tension is applied simultaneously 

in the fusion process between two cleaved single mode fibers 

(SMF28) (Fig. 2.a), resulting in two tapers (Fig. 2.b). The 

electrical arc features are: -100 a.u. of power and 10 s of 

duration. Then, a taper is fused to a cleaved fiber and 

simultaneously a tension is applied on the taper (Fig. 2.c) giving 

rise to the proposed drop-shaped structure (Fig. 2.d). The 

electric arc is applied on the taper and its characteristics are:  -

100 a.u. of power and 4 s of duration. This drop-shaped 

microstructure was produced using a conventional splice 

machine (“Sumitomo Electric— Type-72C”, Osaka, Japan). 

The microscopic image of the drop-shaped structure is depicted 

in Fig. 2.e and it has the following dimensions (Fig.2.f): 193 µm 

-length, 88 µm-width and a 20 µm-junction. From Fig.3, it was 

estimated that the reference cavity consists of an air path with a 

length of 73 µm and a path inside the drop-shaped 

microstructure with a length of 300 µm. Thus, it implies that the 

fringes associated with the reference cavity have a width of 4.8 

nm which is demonstrated in the internal cavity spectrum (Fig. 

3.b). 

 The displacement sensor mode of operation consists of 

dividing the light beam through the optical drop-shaped 

microstructure and the reflective surface. The reference cavity 

is formed by the drop-shaped structure and the sensing cavity is 

obtained by the optical path between the cleaved optical fiber 

and the reflective surface. In this case, the optical path is in the 

air and when the sensing structure is displaced the pattern fringe 

changes. The combination of the two pattern fringes form a beat 

signal. 

IV. EXPERIMENTAL SETUP AND RESULTS 

Fig. 4 presents the experimental scheme that was used to test 

the displacement sensor. It consists of a broadband source 

centered at 1570 nm and 90 nm-bandwidth, and an optical 

spectrum analyzer (OSA) (“Advantest Q8384”) with a 

resolution of 0.02 nm. A reflective surface is also used, and it is 

coupled to a piezoelectric with a displacement of 32.8 ± 0.2 

nm/V.  

The displacement sensor is characterized for nano-

displacements using the piezoelectric component. To obtain the 

beats (envelope and harmonics), different distances were used 

between the first reflection of the fiber and the reflective 

surface. The length of the sensing cavity is 252.5 µm, given by 

the envelope signal, which is obtained by the distance between 

the drop-shaped microstructure and the reflective surface. In 

terms of an optical path it is equivalent to the reference cavity.  

To obtain harmonics, the length of the sensing cavity must 

be changed to double or triple the initial length (252.5 µm) of 

the envelope signal. To obtain maximum sensitivities for both 

the envelope and the harmonics, it is necessary to place the 

sensor cavity close to the reference cavity or by a multiple value 

of it. 

Then follows the analysis of the sensitivity of each state of 

the environment. The envelope and carrier fringe of each matrix 

were extracted (Fig. 5.b, 6.b, and 7.b) being independently 

analyzed. In Fig. 5.a) is presented the spectrum at the beginning 

of the measurements and Fig. 5.b) the spectral variation with 

the reflective surface displacement. The envelope sensitivity is 

15.1 ± 0.1 nm/µm with an r2 of 0.9992 resulting in a M-factor 

of 14 (see Fig. 8). If the sensing cavity is similar to the double 

of the reference cavity, the first harmonic appears, and it is 

observed in Fig.6. The envelope sensitivity is 24.7 ± 0.3 nm/µm 

with an r2 of 0.997 resulting in a M-factor of 24 (see Fig. 7). For 

a length that is triple of the reference cavity, the second 

harmonic is generated (see Fig. 8). In this case, the sensor 

 
(a)                                                 (b) 

Fig. 5: Output signal for the fundamental beat: (a) initial spectrum and (b) 

intensity as a function of wavelength and the distance between the sensor and 

the reflective surface. 

 

 
(a)                                                 (b) 

Fig. 6: Output signal for the 1st harmonic: (a) initial spectrum and (b) intensity 

as a function of wavelength and the distance between the sensor and the 

reflective surface. 

 

 
(a)                                                 (b) 

Fig. 7: Output signal for the 2nd harmonic: (a) initial spectrum and (b) intensity 

as a function of wavelength and the distance between the sensor and the 

reflective surface. 

 

 
 

Fig. 4: Setup used for nano-scale measurement.  
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presents a maximum envelope sensitivity with 28.3 ± 0.3 

nm/µm and r2 of 0.997 resulting in a M-factor of 27. With this 

new sensor, the maximum sensitivity using the second 

harmonic is three-fold the sensitivity of SPR sensors [12]. 

Considering that the 2nd harmonic was observed, then the 

dynamic range verified is 760 µm. 

Fig. 8 presents the slopes of the envelope and harmonics, as 

well as the carrier, as it shows the lowest sensitivity of 1.05 ± 

0.01 nm/µm and r2 of 0.997. Summarizing, the second 

harmonic presents the best sensitivity result, being double the 

sensitivity of the envelope. 

V. CONCLUSION 

This work demonstrated that the optical fiber drop-shaped 

microstructure provides a micrometric range displacement 

sensor with higher sensitivity than the present optical sensors. 

Also, the proposed structure allows obtaining the different 

harmonics of Vernier's effect unlike the structures described in 

the current literature. The carrier has a sensitivity of 1.05 ± 0.01 

nm/µm and in the envelope’s fundamental, the sensitivity 

obtained was of 15.1 ± 0.1 nm/µm. For the first harmonic, the 

sensitivity obtained was 24.7 ± 0.3 nm/µm and for the second 

harmonic 28.3 ± 0.3 nm/µm with an M-factor of 27. 

Considering the minimum resolution of the OSA (0.02 nm), the 

lowest displacement resolution of this optical system is 0.7 nm. 

Another possible application of this sensor is to use a flexible 

reflective surface which, based on the measurement of the 

surface micro-curvature, it is possible to determine the micro-

force applied to the surface. If the dimensions of the 

microstructure increase, it will give a higher sensitivity 

allowing the determination of molecular oscillations. One of the 

advantages of this sensor is that there is no contact with the 

system being measured, allowing a non-evasive sensing. This 

characteristic is very useful for biological microsystems as well 

as for the manufacture of micro and nanostructures. 
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