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Abstract�A low-cost and highly compact fiber-optic 

component is proposed and experimentally demonstrated for 

vector bending sensing. A segment of microfiber tapered from 

standard single-mode fibers (SMFs) is spliced between two SMFs 

with pre-designed lateral offset to construct a sandwich type 

Mach-Zehnder interferometer of 243.32 ȝm in length. Sensing 

performances of the proposed vector bending sensor is 

theoretically analyzed in detail. As the applied curvature increases 

from 0.3873 m-1 to 3.0 m-1, the transmission spectra of the proposed 

sensor show distinct linear wavelength shift sensitivities for 

different directions, the maximum of which is up to 3.419 nm/m-1. 

Besides, temperature test indicates that the proposed sensor 

possesses a low temperature cross sensitivity of 33.71 pm/°C, 

which ensures its applicability for practical uses in temperature-

fluctuated environment. Hence, our proposed vector bending 

sensor possesses such desirable merits as high sensitivity, compact 

size, low thermal crosstalk, low cost and orientation-dependent 

spectral response. 

Index Terms�Curvature measurement; Mach-Zehnder 

interferometer; Vector bending sensor漤 Lateral core-offset 

I. INTRODUCTION 

n recent decades, the demand for high precision curvature 

measurement has been consistently growing in the fields of 

mechanical engineering, crack monitoring, and aerospace 

detection, etc. Due to their distinguished advantages such as 

high sensitivity, fast response, structure flexibility, and 

immunity to electromagnetic interference, and thanks to the 

revolutionized development of optical fiber technology, a good 

variety of fiber-optic devices, such as fiber gratings [1-3], 

Fabry-Pérot cavity [4], and Mach-Zehnder interferometers 

(MZIs) [5-7], have been proposed for bending sensing 

applications in the past decades. 

Nevertheless, the most commonly employed fiber grating 

sensors are normally susceptible to environmental thermal state, 

which severely degrades the sensor performances in terms of 
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measurement reliability and accuracy [8]. And moreover, 

device size is another issue that limits the deployment of grating 

sensors on the occasions where only miniaturized devices are 

applicable for practical use. Fabry-Pérot fiber sensors [9, 10] 

have also been intensively investigated for their simple 

structure and ease of fabrication; however, their bending 

sensitivities are relatively lower compared with fiber grating 

sensors. As a promising candidate to further improve the 

performances of bending sensors, MZI-based fiber-optic 

sensors have attracted considerable research interests in recent 

years. In MZI-based sensing schemes, two mode-coupling fiber 

joints are normally employed to separate the input light and 

then re-combine the light at the output port, respectively. 

Typical methods to fabricate the mode coupling joint includes 

abrupt taper [11-13], core mismatching [14], and offset splicing 

[15], making their transmission spectral property more sensitive 

to the structural bending. However, due to their geometric 

symmetry with respect to the fiber axis, the above mentioned 

abrupt taper-based fiber sensors are unable to distinguish the 

orientation of bending. In addition, employment of special 

fibers would inevitably increase sensor cost and fabrication 

difficulty. 

To eliminate the above defects, a microfiber-assisted MZI 

(MAMZI) sensor is proposed in this paper for highly sensitive 

and cost-effective vector bending measurement with good 

dynamic curvature range and ease of fabrication. 

II. FABRICATION PROCEDURE OF THE MAMZI AND 

THEORETICAL ANALYSIS

With the assistance of flame scanning technique to fabricate 

a tapered microfiber as well as modified charging parameters to 

achieve splicing between the microfiber and standard single-

mode fibers (SMFs), the proposed MAMZI is fabricated 

according to the following procedure. Firstly, one segment of 

SMF is tapered to produce a thinned fiber with smooth waist 

transition region by employing flame scanning technique. The 

microfiber is cut at its waist region with a diameter of about 40 

ȝm to 60 ȝm. The cleaved fiber is then spliced with the lead-in 
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SMF with pre-designed lateral offset by using a commercial 

fiber splicer (Fujikura FSM-60 s, Japan), and the other end of 

the fabricated microfiber is precisely cleaved to form a ~200-

ȝm-long microfiber (MF), which is ultimately spliced with the 

lead-out SMF with the same amount of lateral offset. The 

detailed fabrication procedure of the MAMZI could be found in 

our previous study [16]. Schematic diagram of the proposed 

MAMZI sensor is shown in Fig. 1, where 詣暢庁 and 経暢庁澳refer to the length and diameter of the MF, respectively, and 経墜捗捗 

represents lateral offset between the MF and the core regions of 

the lead-in and lead-out SMFs.  

Fig 1.  Schematic diagram of the proposed MAMZI-based sensor. (a) Three-

dimensional diagram, (b) cross-sectional perspective. 

Due to the mode mismatch between the lead-in SMF and the 

MF, the incident light will separate into two beams that 

respectively propagate through the air cavity and the MF. These 

two beams will re-combine at the second fiber splicing joint 

between the MF and the lead-out SMF for similar reason. Here, 

the light intensity of the incident light and the two beam 

branches are specified by 荊沈津, 荊怠, and 荊態, respectively. When the 

two beams澳re-combine at the second fiber splicing joint, optical 

interference occurs due to the optical path difference (OPD) 

between them. The transmission light intensity 荊墜通痛  could be 

described as [5-7] 

( )1 2 1 22 cos ,outI I I I I ϕ= + + Δ  (1) 

where ッぺ 噺 態窒岫津謎鈍貸津尼日認岻挑謎鈍碇 噺 態訂綻津賑肉肉挑謎鈍碇  refers to OPD 

between the two branches of light, 券暢庁  and 券銚沈追  represent 

effective refractive indexes of the optical modes respectively 

propagating through the MF and air cavity, つ券勅捗捗 denotes the 

difference between them, and ぢ is wavelength of the light in 

vacuum. According to (1), resonance dips would appear when つぺ 噺 岫にm 髪 な岻ぱ, where m is an integer. The mth order dip 膏陳 

could be calculated by  

( )2 / 2 1 .m eff M Fn L mλ = Δ +         (2) 

Free spectral range (FSR) ッぢ of the proposed MAMZI could be 

expressed as 

 
1 / .m m eff M Fn Lλ λ λ −Δ = Δ  (3) 

Fig. 1(b) shows the cross sectional geometry of the proposed 

MAMZI, where the light orange and blue areas represent the 

SMF area and the dark yellow region corresponds to the MF 

region. It could be seen that the introduction of the MF with pre-

designed lateral offset from the lead-in and lead-out SMFs 

breaks up the fiber circular symmetry. This will lead to 

direction-dependent bending responses contingent on the fiber 

cross sectional symmetry.  

The vector bending sensing system is schematically 

illustrated in Fig. 2(a), which consists of a broadband source 

(BBS) that provides a broadband light output from 1250 nm to 

1640 nm, an optical spectrum analyzer (OSA: Yokogawa 

AQ6370C) with a spectral resolution of 0.1 nm, and two 

settings of 360 ° rotators mounted on micro-displacement 

stages (MSs) with a displacement resolution of 10 ȝm. The 

lead-in and lead-out SMFs of the proposed MAMZI are 

straightly clamped by two copper pillars of the rotators. Fig. 2(b) 

gives the sketch for curvature calculation. It could be seen that 

the curvature of the proposed interferometric sensor could be 

tuned by changing the distance of two MSs. 

Fig. 2.  (a) Experimental setup of the MAMZI-based vector bending sensing 

system. (b) Sketch for curvature calculation. 

Curvature (C) of the proposed MAMZI sensor could be 

approximately evaluated by [17] 
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R L
= ≅    (4) 

where R represents bending radius of the MF, L is initial 

distance between the two MSs, and x refers to the displacement 

of one end with respect to its original position. In our 

experiment, L is 20 cm and x changes from 50 ȝm to 3000 ȝm. 

According to (4), the applied curvature varies from 0.3873 m-1 

to 3.0 m-1. 

Fig. 3.  (a) Unbent sensor in Cartesian coordinate system. (b) Fiber cross 

sectional geometry of the sensor bent in 堅 axis. (c) Fiber cross sectional RI 

distribution in 堅 axis.  

As shown in Fig. 3, the bending direction is characterized by ず which is defined as the angle of the 堅 vector with respect to 

+  捲  axis. When the MF is bent in 堅  axis, the deformation-

induced internal stress will cause refractive index (RI) change 

in the MF region through elasto-optical effect, and hence the 

resonance dips will shift accordingly. The cross-sectional RI 

distribution could be described in terms of applied curvature by 

the following equation [18, 19]  

( ) 0 1 ,
C

n r n r
ρ

 
= + 

 
 (5) 

where 券待 is the RI of the straight MF, 堅 is the distance between 

the MF core center and the point under investigation, び is the 

modified elasto-optic coefficient, and  券岫堅岻  describes the RI 
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distribution in the bending direction axis. Fig. 3(c) gives the 

fiber cross sectional RI distribution in 堅 axis based on (5). We 

concentrate on the RI variation of the effective region that 

supports light transmission in the MF. Since the fiber core 

regions of the lead-in and lead-out SMFs are very close to the 

MF cladding, the spectral interference dominantly results from 

the light beams respectively propagating through the air cavity 

and the cladding area of the MF. For simplicity, the 

displacement of this small region from the MF core center 

(namely the origin in Fig. 3(b)) could be regarded as 迎勅捗捗 , 

which is slightly smaller than 経暢庁【に. This implies that it is 

reasonable to study the RI change at the equivalent point (0, 迎勅捗捗) in the two-dimensional Cartesian coordinate system. 

As a result, 券待 equals the silica-based cladding RI of 1.444. 

Unlike the RI distribution in the bending direction (i.e., the 堅 

axis), the RI at point (0, 迎勅捗捗) is no longer dependent on the 

distance between the origin and the point (0, 迎勅捗捗) but on the 

projection of 頚迎勅捗捗屎屎屎屎屎屎屎屎屎屎屎屎王 in 堅  axis. Therefore, the RI at point (0, 迎勅捗捗) could be modified as 

0 01 = 1 sin ,eff eff

C C
n n OR r n R θ

ρ ρ

   
= + ⋅ +   

   


 (6) 

where 券 is the equivalent approximation of 券暢庁 , 堅┏  represents 

the unit vector in 堅  axis. By substituting (6) into (2) the 

following expression could be acquired  

02 1 sin

(C) .
2 1

eff air MF

m

C
n R n L

m

θ
ρ

λ

  
× + − ×  

  =
+

  (7) 

The theoretical vector bending sensitivity 鯨 in terms of the 

resonance dip wavelength shift in response to curvature 

variation could be described as: 

( )
02

sin .
2 1

eff MFm
n R Ld

S
dC m

λ
θ

ρ
= =

+
 (8) 

The above equation indicates that 鯨 should be proportional to sinず, 

and this conclusion could be verified by our successive experimental 

results. 

III. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 4.  Experimentally acquired transmission spectrum for FSR evaluation. 

From the microscopic inset of Fig. 2(b), it could be seen that 

length 詣暢庁  and diameter 経暢庁  are 243.32 ȝm and 48.86 ȝm, 

respectively. When the MF is initially straight, no RI variation 

is introduced, and according to (6) 券暢庁  equals 1.444. The 

spectral responses around 1550 nm is investigated in our 

experiment. As shown in Fig. 4, dips A, B, C are selected to 

evaluate FSR of our proposed sensor, and the experimental 

results turn out to be 21.7 and 21.9 nm, which are in good 

accordance with the theoretical value of 22.2 nm calculated by 

using (3). 

We have also experimentally investigated the direction-

dependent bending response of the proposed MAMZI sensor, 

as shown in Fig. 5. Fig. 5(a) to (d) shows different spectral 

evolutions of dip B as the applied curvature increases from 

0.3873 m-1 to 3.0 m-1 for the 0 °, 90 °, 180 ° and 270 ° directions, 

respectively, where the arrows point to the curvature increment 

directions.  

Fig. 5.  Spectral evolution of dip B for different bending directions. (a) 0 °. 

(b)90 °. (c) 180 °. (d) 270 ° 

By changing the bending directions from 0 ° to 330 ° with a 

step of 30 °, the vector bending spectral responses have been 

experimentally studied, as shown in Fig. 6. Linear fit of 

experimental data indicates that the spectral responses are 

highly correlated with applied bending direction, and the 

maximum sensitivity reaches 3.419 nm/m-1 for the rotational 

angle of 90 °. 

Fig. 6.  Resonance dip wavelength as functions of applied curvature for 

different bending directions.  

Fig. 7 gives bending sensitivity as a function of rotational 

angle. From this figure, it is apparent that there is sinusoidal 

relationship between these two parameters and the coefficient 

of determination is 0.973. This is in good agreement with our 
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theoretical prediction based on (8). It should be noted that, 

different from (8), an initial phase of 13.504 ° is present in the 

sinusoidally fit expression of the experimental data. This could 

be attributed to the fact that it is rather difficult to assure the 

initial rotational angle is precisely 0 ° in our experiment. 

Besides, there is a constant deviation of 0.24553 could also be 

found in the nonlinear fit result. This is because rather than 

maintaining a constant value, 詣暢庁 slightly changes during the 

bending process. 

Fig. 7.  Bending sensitivity as a function of rotational angle. 

As an important factor that should be considered in practical 

applications, the temperature response of the MAMZI sensor 

has also been experimentally investigated within a temperature 

range of 25.7 to 99.9 °C, as shown in Fig. 8. It could be seen 

that the resonance dips show some redshift as environmental 

temperature increases. Linear fit indicates that the thermal 

sensitivity is 33.71 pm/°C, which means that the temperature 

cross sensitivity could be actually neglected. 

Fig. 8.  Wavelength shift against temperature. 

TABLE I 

COMPARISON OF SENSING FEATURES BETWEEN OUR WORK AND OTHER 

REPORTED BENDING SENSORS 

Ref. 
Cur. Sens.

(nm/m-1) 
Direction 

Testing 

range(m-1) 

Size 

(mm)

[1] 0.05947 Sensitive 1.6-7.69 
Not 

given 

[3] -0.0374 Sensitive -20-20 
Not 

given 

[10] 0.06852 Insensitive 35-45 1.14 

[14] -2.42 Insensitive 0-1.739 41.5 

Our 

work
3.419 Sensitive 0.3873-3 0.243

Tab. 1 gives a comparison of sensor performances of our 

proposed MAMZI with other related reports. It could be seen 

that the MAMZI sensor has an ultra-compact size with a high 

bending sensitivity as well as direction-dependent property. 

The proposed fiber-optic vector bending sensor is endurable 

within a curvature measurement range up to 3.0 m-1, which 

would be particularly suitable for micro-bending measurement 

occasions. 

IV. CONCLUSIONS

In summary, a highly sensitive and ultra-compact vector 

bending sensor has been proposed and experimentally 

demonstrated. The introduction of MF with pre-designed lateral 

offset forms a MZI with an asymmetric fiber structure, leading 

to direction-dependent spectral responses. The resonance dip 

wavelength linearly shift as applied curvature increases from 

0.3873 to 3.0 m-1. The bending sensitivities vary from -2.530 to 

3.419 nm/m-1 for different bending directions and there exists a 

sinusoidal relationship between bending sensitivity and 

rotational angle, which is in good agreement with our 

theoretical analysis. Moreover, experimental results indicate 

that our proposed sensor possesses a low temperature 

sensitivity of 33.71 pm/°C. The MAMZI-based vector bending 

sensor has such desirable merits as ultra-compactness, low cost, 

and low thermal crosstalk, making it a promising candidate for 

in-situ vector bending sensing applications. 
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