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Micro-displacement sensor based on an asymmetric 
wavy multimode fiber interferometer* 
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We proposed a compact and tunable multimode interferometer (MMI) based on an asymmetric wavy fiber (AMWF), 
which has axial offset, off-center taper waist, and micro-length. The fabrication process only contains non-axis pulling 
processes of single-mode fiber on two close positions. Theoretical qualitative analyses and experiments verify the tun-
able multimode propagation of the AMWF. Experimental results show a nonlinear wavelength response with increas-
ing axis displacement from 0 to 120 μm. In the range of 0—10 μm, the sensitivity reaches the highest value of 
−1.33 nm/μm. Owing to its cost-effective, high-compact and tunable multimode propagation properties, the AMWF 
provides a promising platform for micro-nano photonic devices and optical sensing applications. 
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Since Thomas Young presented double-slit interference 
experiment in 1807[1], optical interferometer has been 
one of the major devices for studying the fundamental 
nature of light and high precision optical metrology in 
modern science and technology. From monitoring spe-
cific interference spectra or patterns, most physical quan-
tities can be decoded[2], such as displacement[3], angle[4], 
curvature[5], refractive index[6], magnetic field inten-
sity[7], temperature[8], humidity[9] and biomolecular be-
havior[10]. Recently, the optical interferometers market 
continues to grow gradually in higher miniaturization 
and sensitivity, which play important roles in various 
industrial and scientific processes, such as astronaut-
ics[11], manufacturing[12], structural health monitoring[13], 
environmental monitoring[14], label-free detection of live 
cancer cells[15], DNA hybridization[16], and so on. 

Compared with conventional optical interferometer, 
optical fiber interferometers are more highly attractive 
for future micro-nano optical systems[17,18] owing to their 
obvious advantages, such as light weight, remote signal 
transmission and electromagnetic immunity. To date, 
varieties of optical fiber interferometers have been real-
ized by different geometries including Mach-Zehnder 
interferometer (MZI)[19], Fabry-Perot interferometer[20], 
and Sagnac interferometer[21]. Due to miniaturization, 
simple fabrication and low cost, the optical fiber MZI is 
the most appropriate candidate to realize the high per-

formance micro-nano photonic devices, which can be 
mass-produced. 

In addition, for optical fiber MZI, it is quite important 
to investigate the relationship between structure and 
physical quantities, for example, the displacement be-
tween two ends of the structure[22]. Because the light 
field in optical fiber MZIs can be modulated as the struc-
ture stretched, the stretchable optical fiber MZIs can be 
regarded as tunable interferometers, which is also an 
effective way for displacement sensing through light 
field modulation in optical fiber MZIs. 

Two-mode interferometer based on single mode fiber 
(SMF), multimode interferometer (MMI) based on 
SMF[23], such as bow type optical fiber taper[24], and 
MMI based on special optical fiber sandwiched between 
two SMFs[25] are main schemes of the optical fiber MZIs 
for tunable interferometers and displacement sensing. In 
particular, the MMIs have been widely studied as high-
performance optical fiber sensors. However, their precise 
fabrication process and expensive experimental devices 
limit their practical applications and large-scale produc-
tion. Therefore, it is necessary to develop a micro multi-
mode fiber interferometer which not only has high per-
formance, but also has low cost and simple manufactur-
ing process.  

In this paper, we present a compact and tunable MMI 
based on an asymmetric wavy fiber (AMWF), which has 
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an axial offset and an off-center taper waist. The whole 
fabrication process only contains non-axis pulling proc-
esses on two close fusion positions on a segment of SMF. 
The AMWF has the advantages of low cost, high integra-
tion, high mechanical strength and high-efficiency control-
ling light propagation, and thus it is practicable to use this 
AMWF structure-based micro-nano photonic device to 
allow efficient approach for sensing application.  

Fig.1 shows the schematic diagram of our proposed 
AMWF, which has an axial offset and whose taper waist 
is off center. A conventional SMF (SMF-28e, Corning, 
Inc.) we used in this designed structure has the effective 
indices of 1.468 2/1.462 8 and the core/cladding diame-
ters of 8.2 μm/125 μm. The whole fabrication process of 
the asymmetric taper waist only contains non-axis pull-
ing processes on two close fusion positions on a segment 
of SMF, and can be simply realized by the manual mode 
operation of a commercial fusion splicer (FiTel S178A, 
Japan). The SMF is firstly fixed by two clamps with an 
axial offset about 64.2 μm in the fusion splicer. Next, a 
non-axial pulling (‘clean’ arc charge and outward shift of 
5 μm for the two clamps) is performed and repeated 21 
times. Thus, a taper waist is formed at the first discharge 
position, which is marked in Fig.1. Afterwards, the 
clamps in the fusion splicer are manually controlled to 
increase the axial offset to 128.5 μm and move the posi-
tion of the discharge 64 μm. 

 

 

Fig.1 Schematic diagram of the AMWF 
 

The second discharge position is also marked in Fig.1. 
Subsequently, a ‘clean’ arc charge is performed to form 
an asymmetric structure, which has an axial offset and 
whose taper waist is off center. The asymmetry can be 
further enhanced by the clamps outward shift of 5 μm. 
Finally, when this process repeated 5 times, the AMWF 
can be fabricated. As shown in Fig.2(a), the axial offset, 
taper waist and the length of the two asymmetric arms 
are 109.1 μm, 40.4 μm, 288.6 μm and 514.4 μm, respec-
tively. 

Fig.2(b) shows the light propagation in the AMWF 
utilizing beam propagation method (BPM), as imple-
mented in the Rsoft software. It’s clearly seen that a part 
of light energy is coupled from the fiber core to the clad-
ding in the first bending region, and then coupled back 

from the fiber cladding to core in the second bending 
region, realizing the multiple mode interference, which 
can be mathematically described by[26] 
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where Icore and Icladding are the light intensities of core 
mode and the j-th cladding mode, respectively. Δj is the 
phase difference between core mode and the j-th clad-
ding mode. Here, Δj=2nj

effL/, where nj
eff is the 

effective refractive index difference between the core 
mode and the j-th cladding mode, and L is the length of 
the effective interference region of the AMWF. 

 

 
Fig.2 (a) Microscopic image and (b) simulated light 
energy distribution of the AMWF 

 
The resonant dip wavelength can be expressed as 
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where N is the interference order in the AMWF. 
When the displacement between two ends of AMWF 

changes, the nj
eff and L can be tuned. According to 

Eq.(2), the changes in the nj
eff and L will cause the shifts 

of the resonant dips of the interference fringes. Thus, by 
tuning the axial displacement of the AMWF, the propaga-
tion characteristics of the AMWF can be modulated. 
Moreover, the axial displacement sensing can be achieved 
by monitoring the shifts of the interference fringes. 

The experimental setup for the axial micro-
displacement tunability is shown in Fig.3, which consists 
of a supercontinuum broadband source (SBS, wavelength 
ranges from 600 nm to 1 700 nm), an optical spectrum 
analyzer (OSA: Yokogawa AQ6370C), and two micro-
motion stages (MSs). The two clamps on the MSs are 
fixed on the two ends of the AMWF respectively, and are 
manually controlled until the AMWF is straight. In this 
situation, the position of the right clamp is regarded as 
the initial axial micro-displacement (ΔL=0 μm) in our 
experiment. By moving the right clamp with a step inter-
val of 10 μm, we can monitor the shift of the transmission 
dip wavelength with the increasing axial micro-
displacement.
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Fig.3 Experimental setup for the axial micro-
displacement measurement 

 
Fig.4 shows the transmission spectra of the AMWF 

under different axial micro-displacements with an incre-
ment of 10 μm from 0 to 120 μm. It can be observed that 
as the axial displacement between two ends of the 
AMWF increases, the resonant dips A and B move to a 
shorter wavelength. In fact, the axial displacement in-
creasing can lead to the elongation of the AMWF and the 
change of the neff of the fiber core and cladding modes. 
According to Eq.(2), clearly, the influence of the de-
crease in the Δneff has a stronger impact than the increase 
of the effective interference region of the AMWF, as the 
axial displacement increasing in our experiment. 

 

Fig.4 Transmission spectra of the AMWF under dif-
ferent axial micro-displacements at a variation step of 
10 μm 

In order to understand the transmission characteristics 
of the AMWF, the fast Fourier transform (FFT) method 
is used to obtain the spatial frequency spectra of the 
transmission spectra shown in Fig.4. The corresponding 
results are depicted in Fig.5. It is clearly seen that there 
are several cladding modes involved in the transmission 
spectra, which demonstrates that the AMWF is an MMI. 
Moreover, as the axial displacement increases, the posi-
tions of the cladding modes can be modulated and the 
amplitudes increase. 

 
Fig.5 Spatial frequency spectra of the transmission 
spectra shown in Fig.4 

The relationships between the axial displacement and 
the wavelength of the resonant dips are shown in Fig.6. 
The shifts of the dips A and B are fitted by an exponen-
tial function with a high coefficient R2 of 0.997 84 and 
0.997 81, respectively. The sensitivities decrease with 
the axial micro-displacement increasing. For dip A, the 
axial micro-displacement sensitivity can reach the high-
est value of −1.33 nm/μm in the range of 0—10 μm. In 
the range of 50—120 μm, the wavelength shift of dip A 
can approximatively be seen as a linear relationship 
against the increase of the axial micro-displacement, 
with the sensitivity of −0.303 nm/μm. For dip B, in the 
ranges of 0—20 μm and 60—120 μm, the sensitivities 
are estimated to be −0.736 nm/μm and −0.23 nm/μm, 
respectively. 

 

 

Fig.6 Wavelengths of (a) dip B and (b) dip A as a  
function of the axial micro-displacement
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    A comparison of performances between the proposed 
AMWF and other micro-MZIs is summarized in Tab.1. 
Compared with other micro-MZIs, our proposed AMWF 
reveals a relatively high sensitivity and a micro-length. 
Besides, the proposed AMWF sensor is fabricated only 
using fused tapering process based on SMF, the diameter 
of the tapered waist is only 44.2 μm, and the length is 
shorter than 1 mm, which make this sensor have rapid 
and simple fabrication process, low cost, more mechani-
cal stability, and sensing in micro restrained space. 

Tab.1 Sensor performances of the proposed AMWF in 
comparison with other papers 
 

Micro-MZI 
RI sensors 

Sensitivity 
Displace-

ment range 
(μm) 

Sensor 
length 
(mm) 

Refer-
ence 

Two S-bend 
fibers 

−1.533 nm/μm 
and 

−0.833 nm/μm 
0—200 2.3 [22] 

A bowknot-
type taper  

−0.385 dB/μm 0—62 18 [24] 

Thin-core 
fiber modal 

interfer-
ometer 

−0.015 35 
nm/μm 

0—600 27 [27] 

The pro-
posed 

AMWF 

−1.33 nm/μm 
and 

−0.303 nm/μm 
0—120 0.803  

 
In conclusion, we propose and demonstrate a compact 

and tunable MMI based on an AMWF, which has an 
axial offset and an off-center taper waist. The AMWF 
has a compact length of 803 μm, ensuring good me-
chanical strength, and can realize sensing in limited 
space. The AMWF is only fabricated by two non-axis 
pulling processes on a segment of SMF. The multimode 
propagation characteristics of the proposed AMWF are 
also theoretically and experimentally demonstrated. In 
addition, the propagation characteristics can be modu-
lated by tuning the axial displacement of the AMWF. 
The experiment results show that there is a nonlinear 
wavelength response with increasing displacement from 
0 to 120 μm. The sensitivities decrease with the axial 
micro-displacement increasing. In the displacement 
range of 0—10 μm, the sensitivity can reach the highest 
value of −1.33 nm/μm. Our proposed AMWF has the 
advantages of high cost-efficiency, high integration, high 
mechanical strength and high-efficiency controlling light 
propagation, thus it would be of great significance for 
developing new micro-nano photonic devices and an 
efficient platform for optical sensing applications. 
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