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Abstract: A novel fiber inline Mach-Zehnder interferometer (MZI) is proposed for simultaneous 
measurement of curvature and temperature. The sensor composes of single 
mode-multimode-dispersion compensation-multimode-single mode fiber (MMF-DCF-MMF) 
structure, using the direct fusion technology. The experimental results show curvature sensitivities of 
−12.82 nm/m−1 and −14.42 nm/m−1 in the range of 0 − 0.65 m−1 for two resonant dips, as well as 
temperature sensitivities of 57.6 pm/  and 74.3℃  pm/  within the range of 20℃  ℃ − 150 . In addition, ℃
the sensor has unique advantages of easy fabrication, low cost, high fringe visibility of 24 dB, and 
high sensitivity, which shows a good application prospect in dual-parameters of sensing of curvature 
and temperature. 
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1. Introduction 

Curvature is an important physical parameter, 

which is used to monitor the manufacture and civil 

engineering, such as bridge construction and 

mechanical arm [1‒4]. In recent decades, different 

types of optical fiber sensors have been widely 

reported due to their high sensitivity, small size, 

anti-electromagnetic interference, ease to be bent, 

and suitability for embedding in work piece for 

distributed measurement, such as long period fiber 

grating (LPFG) [5−7], fiber Bragg grating (FBG)  

[8, 9], fiber multimode interference combined with 

an LPFG [10], and superimposed grating [11]. 

However, the fabrication of the grating-based 

sensors is complicated and generally requires an 

expensive phase mask, a laser, and special optical 

paths for grating writing. There have been many 

reports on the in-fiber Mach-Zehnder 

interferometers (MZI) [12−14]. For example, in 

2008, V. N. Linh et al. proposed a high temperature 

fiber sensor with the multimode-singlemode- 

multimode (MMF-SMF-MMF) structure [15]. The 

sensor was only used for temperature sensing, and 

the temperature sensitivity was 88 pm/ . In 2012, ℃

Y. Ma et al. reported a refractive index sensor based 

on the in-fiber MZI with the MMF-SMF-MMF 

structure, which had an estimated resolution of   

7.1 × 10−5 within the linear sensing range of 1.33 to 

1.40 [16]. These sensors were only used for some 

single parameter sensing, such as temperature 

sensing and refractive index sensing. As optical 

Received: 29 December 2018 / Revised: 7 March 2019 
© The Author(s) 2019.This article is published with open access at Springerlink.com 
DOI: 10.1007/s13320-019-0551-z 
Article type: Regular 



                                                                                             Photonic Sensors 

 

172

fiber curvature sensors, in-fiber MZIs have been 

attracting more and more attention due to their high 

sensitivity, low lost, and simple fabrication process 

[17−19]. Y. Gong et al. developed a fiber-optic 

curvature sensor based on the single 

mode-multimode-single mode (SMF-MMF-SMF) 

fiber structure [20], of which the 

wavelength-curvature relationship was 10.38 nm/m−1 

in the range of 0.25 m−1 − 0.46 m−1. H. P. Gong et al. 

demonstrated an optical fiber curvature sensor based 

on the photonic crystal fiber (PCF) modal 

interferometer which was spliced between two 

single mode fibers (SMF), and the curvature 

sensitivity was 4.451 nm/m−1 in the range of 0 −  
2.14 m−1 [21]. However, these structures have lower 

curvature sensitivities. R. H. Wang et al. proposed 

an in-fiber Mach-Zehnder interferometer with the 

MMF-SMF-MMF structure, and the curvature 

sensitivity was −14.40 nm/m−1 in the range of   

0.08 m−1 − 0.72 m−1
 [22]. The sensor had a typical 

fringe extinction ratio of 20 dB for sensing 

application. Y. Zhao et al. proposed a new optical 

fiber curvature sensor with the MMF-TCSMF 

(three-core single mode fiber)-MMF structure, and 

the sensitivity was −28.29 nm/m−1 in the range of 

2.79 m−1 − 3.24 m−1. The sensor had an extinction 

ratio of around 14 dB [23]. These structures had 

higher curvature sensitivities, but the fringe 

visibilities were lower than that of our proposed 

sensor. However, the accuracy of the MZI curvature 

sensors designed is disturbed by the change in 

ambient temperature during curvature tests. It is 

very important to be able to distinguish these two 

different parameters when the sensor is applied to 

the detection field. 

In recent years, two-parameters sensing based 

in-fiber MZIs have been reported. In 2012, H. Sun  

et al. reported an MZI-based multimode 

fiber-dispersion compensation fiber-multimode fiber 

structure for temperature and refractive index 

sensing. The temperature sensitivity was 118 pm/℃ 

in the range of 20  ℃ − 250 , and the RI sensitivity ℃

was 66.32 nm/RIU with the sensing range of    

1.33 RIU − 1.39 RIU. The transmission spectrum had 

an extinction ratio of around 18 dB [24]. Y. M. Raji 

et al. demonstrated an abrupt tapered fiber in-line 

Mach-Zehnder interferometer sensor, through 

measurement of optical power for simultaneous 

sensing of temperature and curvature [25]. H. Liu  

et al. experimentally demonstrated an MMF-PCF- 

MMF structure and inscribed a fiber Bragg grating 

(FBG) for curvature and temperature measurement. 

The proposed sensor had a sensitivity of      

−1.03 nm/m−1 at a curvature of 10 m−1 to 22.4 m−1, 

and the temperature sensitivity was 60.3 pm/℃ in 

the range of 8 ℃ − 100 ℃ [9]. 

In this work, we propose a novel all fiber 

Mach-Zehnder interferometer fiber optical    

sensor with the SMF-MMF-DCF(dispersion 
compensation fiber)-MMF-SMF (S-M-D-M-S) 

structure for simultaneous sensing of curvature and 

temperature, which was formed by splicing a piece 

of DCF between two MMFs, both the input and 

output ends of the light source are SMFs. The DCF 

is the main element in the sensing structure, and the 

MMF is used to improve the coupling efficiency at 

both ends of DCF. The maximum fringe visibility of 

the interference resonance dip exceeds 24 dB. The 

experimental results show that the sensitivities of  

the sensor in curvature and temperature are   

−14.42 nm/m−1 and 74.3 pm/℃, respectively. 

Moreover, the fabrication of the proposed sensor is 

very simple, low-cost, and compact in size. 

2. Sensor design and operation principle 

2.1 Design of sensor 

The schematic of the sensor structure is shown 

in Fig. 1. The input and output of the sensor are all 

SMF (Corning SMF-28), and the sensing part is 

composed of MMFs (MM-S105/125-22A) and one 

segment of DCF (DM1010-A). The fiber 

core/cladding diameters of SMF, MMF, and DCF 

used in experiments are 9/125 μm, 105/125 μm, and 
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5/120 μm, respectively. The uncoated DCF is 

sandwiched to MMFs, and they are spliced together 

directly by a commercial fusion splicer (Fujikura 

80S). In order to obtain better interference spectra, 

we test different lengths of MMF and DCF in the 

splicing experiment. Finally, the length of DCF we 

choose is 30 mm, and the length of MMF is 5 mm in 

experiments. The MZI sensor has a total of four 

fusion regions, and the total splicing loss is about  

2 dB. A light source (C+L, Shanghai Hanyu) with a 

wavelength range of 1528 nm − 1602 nm is launched 

into the MZI structure. The output spectrum is 

detected with an optical spectrum analyzer (OSA, 

Agilent 86142B, 600 − 1700 nm). 

SM MMF1 DCF MMF2 SM

Input Output

 
Fig. 1 Schematic of the MMF-DCF-MMF structure. 

2.2 Principle of the sensor 

The two MMF sections play the roles of core 

and cladding modes coupling and recoupling, and 

the DCF section performs as the interference area. In 

order to study the MZI interference principle, a 

tunable laser is used as the light source, and an 

infrared camera is used to capture the output 

patterns at the output end face of different fiber 

splicing structures. Figure 2 shows the intensity 

distributions of the core and the cladding modes, and 

the intensity distribution can be collected by using 

the Micron Viewer (MODEL 7290A). When the 

light propagates from input SMF into MMF1, the 

effective area of the mode field is expanded 

evidently because of the large diameter of MMF, as 

shown in Figs. 2(a) and 2(b). Then, a part of the light 

is coupled into the cladding modes of the DCF from 

the MMF1-DCF fusion region due to the mode field 

mismatch, as shown in Fig. 2(c). In the DCF-MMF2 

fusion region, the light of the DCF cladding mode 

will be coupled with the MMF2 core, and the area of 

mode distribution reduces, which is shown in    

Fig. 2(d). Finally, they are coupled with the 

fundamental mode of the output SMF and form an 

interference device. 
(a) (b) 

(d) (c)

 

Fig. 2 Output patterns of different fiber splicing structures:  

(a) SMF, (b) SMF-MMF, (c) SMF-MMF-DCF, and                   

(d) SMF-MMF-DCF-MMF-SMF. 

Theoretically, the transmitted light intensity of 

the MZI can be expressed by the classic two-beam 

interference equation: 

1 2 1 22 cos mI I I I I φ= + +         (1) 

where I is the intensity of the interference signal; 1I  

and 2I  are the intensities of the light propagating 

along the fiber core and cladding, respectively. The 

phase difference ( mφ ) between the cladding mode 

and core mode after propagating through DCF can 

be written as 
core clad
eff eff eff2 ( ) 2

m

n n n
L L

π πφ
λ λ

− Δ
= =        (2) 

where λ  is the dip wavelength of the interference 

spectrum; L is the interferometer length; 
core
effn , 

clad
effn , 

and effnΔ are the effective indexes of core mode and 

cladding mode, and the effective refractive index 

difference between the core mode and cladding 

mode, respectively. 

According to (1), the free spectral range (FSR) 

between two interference dips can be expressed as 
2

eff

FSR
n L

λ≈
Δ

.             (3) 

According to (3), we can see that the FSR 
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between two interference dips is inverse to the 

length of the DCF. The longer L is, the smaller of 

FSR is, and the more interference dips can be 

observed in the measurement range. 

Figure 3 shows the schematic of the bending 

DCF fiber, when the DCF is subjected to external 

bending, the inner part of the fiber (negative 

x-direction) is compressed, and the outer part 

(positive x-direction) is stretched. The refractive 

index distribution across the fiber cross section can 

be present as 

0 1
x

n n
R

 = + 
 

                (4) 

where 0m , R , and x are the refractive index profile 

when the fiber is straight, the curvature radius, and a 

coordinate along a line connecting the center of fiber 

and the center of curvature, respectively.  

According to (4), the refractive index of the 

compressed inner part becomes lower, and that of 

the stretched outer part becomes higher when the 

DCF is bent. 

Center of the curvature 

Fiber 

Center of the fiber

x

R 

O

 
Fig. 3 Diagram of bending fiber. 

Due to different thermo-optical coefficients and 

thermal expansion coefficients of the core and 

cladding modes, the effective refractive indexes of 

core and cladding modes change differently when 

the ambient temperature changes. Thus, the changes 

in effnΔ  can lead to the interference dips shift in 

the transmission spectrum. Therefore, the 

temperature sensing information can be expressed 

by demodulating the resonance wavelength variation. 

Combining (2), the resonance wavelength (λ) can be 

expressed as 

eff

2

(2 1)

L
n

k

πλ
π

= Δ
+

               (5) 

where k  is an integer. Therefore, when the 

ambient temperature changes, the resonance 

wavelength shift (δλ) can be calculated as 

eff eff22

(2 1) (2 1)

n nL L

T k T k T

δ πδλ π δ
δ π δ π δ

Δ= +
+ +

      (6) 

where effnδ  is the variation in effective refractive 

index difference. From (6), we can see the resonance 
wavelength shift (δλ ) is related to the length of the 
DCF, thermo-optical coefficient, and thermal 

expansion coefficient of the DCF. 

2.3 Experimental measurement method 

The experimental setup for the curvature 

measurement is shown in Fig. 4. The broadband light 

emits from a light source to the sensing structure, 

and then the interference spectrum is recorded by an 

optical spectrum analyzer. The two ends of the 

sensor are two masses that are used to keep the fiber 

straight. When we do the bending tests, the sensor is 

attached to a steel ruler. We can realize the accurate 

bending of the fiber by controlling the bending of 

steel ruler using the micrometer screw. The steel 

ruler can keep the sensor on its axis when the 

bending is applied. The length of the steel ruler used 

in the bending part is 180 mm, and the S-M-D-M-S 

structure in the middle is located in the center of two 

fixed stations. The S-M-D-M-S structure can bend 

freely and synchronously to the metal beam.    

The curvature of the sensing structure can be 

determined as 

Micrometer screw 

Fixed station Fixed station

Mass2L Mass

OSA BBS 

d 

 
Fig. 4 Experimental setup diagram of the MZI sensor for 

curvature measurement. 
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2 2

1 2d
C

R d L
= =

+
                (7) 

where C  is the curvature, R is the curvature radius, 

L  is the half distance between the edges of the two 

fixed stations, and d is the bending displacement 

adjusted by a micrometer screw. 
3. Experimental results and discussion 

To verify the effectiveness of the inserted MMF, 

two different kinds of MZI are fabricated: one is the 

SMF-DCF-SMF structure, and the other is the 

SMF-MMF-DCF-MMF-SMF structure. In the 

experiment, the lengths of the MMF and DCF are 

about 5 mm and 30 mm to obtain a good interference 

pattern, and the transmission spectra are given in  

Fig. 5. When the sensor is the SMF-DCF-SMF 

structure, there are many peaks in the transmitted 

interference spectrum as shown in Fig. 5(a). 

However, these peaks have low transmission loss 

(only 5.4 dB), and it is difficult to detect. We can see 

from Fig. 5(b) that when the sensor is the 

SMF-MMF-DCF-MMF-SMF structure, the 

transmission spectra show two obvious interference 

peaks, namely Dip 1 (1544.48 nm) and Dip 2 

(1565.92 nm), and Dip 2 has a higher transmission 

loss of 24 dB. The result shows that the MMF can 

improve the coupling efficiency in order to illustrate 

the role of the MMF in the proposed sensor and its 

influence on bending sensing. We do the curvature 

measurement of the SMF-DCF-SMF structure and 

choose one of the peaks to illustrate the curvature 

sensitivity, and the results are shown in Fig. 6. 

According to Fig. 6, the curvature sensitivity of the 

SMF-DCF-SMF structure is −1.52 nm/m−1 in the 

range of 0 − 0.65 m−1, and the linear fitting is 0.9681. 

 

(a)                                                (b) 

Fig. 5 Interference spectra for two different MZI structures: (a) SMF-DCF-MMF and (b) SMF-MMF-DCF-MMF-SMF. 

 

Fig. 6 Transmission spectrum change of the SMF-DCF-SMF 
structure. 

Figure 7 shows the transmission spectra change 

of the MZI as the applied curvature increases. It can 

be seen that the interference fringe shifts toward a 

shorter wavelength direction when the curvature is 

increased gradually from 0 to 0.65 m−1. The total 

wavelength shift variation in Dips 1 and 2 are   

8.01 nm and 9.48 nm, respectively, as shown in Figs. 

7(a) and 7(c). The linear fittings of the wavelength 

shift and curvature are illustrated in Figs. 7(b) and 

7(d). The curvature sensitivities for Dip 1 and Dip 2 

are −12.82 nm/m−1 and −14.42 nm/m−1, with the linear 

regression value R2 being 0.9894 and 0.9934, 

respectively. Compared with the SMF-DCF-SMF, 
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the SMF-MMF-DCF-MMF-SMF has a high 

curvature sensitivity. In order to analyze the mode 

changes and power distribution of the interference 

modes with an increase in the curvature, the 

transmission spectra in Fig. 7 are analyzed by 

Fourier transform [26] to get the spatial frequency 

spectra, and the frequency spectra of two curvatures 

(0 and 0.65 m−1) are shown in Fig. 8. It can be seen 

that the dominant intensity peak at zero relates to the 

core modes and the intensity mode coupling of 

different lengths mainly occurs between the core 

mode and the low-order cladding mode. There is one 

dominantly excited cladding mode for the MZI 

before bending (0 m−1) and one after bending   

(0.65 m−1) locating at 0.0538 nm−1 and 0.0406 nm−1, 

respectively. This means that the order of dominant 

cladding modes excited in the MZI with curvature 

increasing is lower than that without bending. 

 

(a)                                            (b) 

 
(c)                                            (d) 

Fig. 7 Results of the curvature response experiment: (a) and (c) transmission spectrum change of the MZI as the curvature increases;  
(b) and (d) linear relationship between the curvature and the wavelength shift. 

In the experiment, the temperature response of 

the SMF-MMF-DCF-MMF-SMF structure is also 

investigated, and the transmission spectra shift with 

the temperature change is shown in Fig. 9. It can be 

seen that the resonant wavelength shifts to the 

longer wavelength with the temperature increasing 

from 20 ℃ to 150 ℃, as shown in Figs. 9 (a) and 9(c). 

The total wavelength shift variations in Dips 1 and 2 

are 7.62 nm and 9.75 nm, respectively. The linear 

relationships between the temperature and the 

wavelength shift are shown in Figs. 9 (b) and 9(d). 

The temperature sensitivities of Dips 1 and 2     

are 0.0576 nm/℃ and 0.0743 nm/℃ in the range 

from 20 ℃ to 150 ℃, and the linear      
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regression values are 0.9854 and 0.9779, 

respectively. 
8

0.0 
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Fig. 8 Spatial frequency of the MZI before bending (0 m−1) 
and after bending (0.65 m−1). 

A comparison between the proposed MZI and 

 

the related sensors is listed in Table 1. Table 1 shows 

that the sensitivities of the proposed sensor have 

higher curvature sensitivity and temperature 

sensitivity than those of the PCF-MZI and FBG 

(4.06 nm/m−1 and 6.3 pm/ ) ℃ [8], and 

MMF-PCF-MMF inscribed FBG (−1.36 nm/m−1 and 

60.3 pm/℃) [9]. However, the sensor we report has 

lower curvature sensitivity than the four-core fiber 

multipath MZI (20.18 nm/m−1) [28], MMF- 

TCF(twin core fiber)-MMF (103.35 nm/m−1) [30], 

and MMF-TCSMF-MMF (−28.29 nm/m−1) [31], 

respectively, because TCSMF, TCF, and four-core 

fiber are a kind of specialty optical fibers with the 

multi-core structure separately containing only one 

core mode. 

 

(a)                                           (b) 

 

(c)                                             (d) 

Fig. 9 Results of temperature response experiment: (a) and (c) transmission spectrum change of the MZI as the temperature 
increases; (b) and (d) the linear relationship between the temperature and the wavelength shift. 
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Table 1 Comparison between the proposed sensor and other MZIs. 

Sensor structure 
Curvature sensitivity 

(nm/m−1) 
Curvature ranges 

(m−1) 
Temperature sensitivity 

(pm/ )℃  
Temperature range 

(℃) 
Reference 

Cascaded fiber interferometer 4.362 0−1.134 108 20−60 [27] 

PCF-MZI and FBG 4.06 0−3 6.3 25−100 [8] 

Four-core fiber multipath MZI 20.18 0.3305−0.5481 209 0−50 [28] 

SMF with core-offset splicing −22.947 0.35312−2.8127 77.6 20−80 [29] 

MMF-PCF-MMF with FBG −1.03 10−22.4 60.3 8−100 [9] 

MMF-TCF-MMF 103.35 0.24−0.6 431 40−70 [30] 

MMF-TCSMF-MMF −28.29 2.79−3.24 2.2 20−73 [31] 

This work −14.42 0−0.65 74.3 20−150  

 

The curvature and temperature resolutions of the 

sensor can be obtained by using the error analysis 

method when the resolution ( Dip)δ Δ  of the OSA 

is known, and the curvature and temperature 

resolutions of the sensor can be represented by [32] 

Dip2, Dip1,

Dip2, Dip1,

| | | |( ) ( Dip1)

| | | |( ) ( Dip2)
T T

C C

K KC

K KT

δ δ
δ δ

Δ Δ    
= ±     Δ Δ    

. (12) 

In the experiment, the OSA has a wavelength 

measurement resolution of 10 pm. According to (12), 

the theoretical curvature and temperature resolutions 

of the proposed sensor are ±0.01 m−1 and ±2.23 , ℃

respectively. 

4. Conclusions 

In this paper, we propose and experimentally 

demonstrate a novel optical fiber Mach-Zehnder 

interferometer with the S-M-D-M-S structure, which 

is used to simultaneously measure the curvature and 

temperature. By applying the coupled-mode theory, 

we theoretically analyze the interference principle of 

the sensor. The extinction ratio of the MZI is up to 

24 dB. The curvature sensitivity of the sensor is 

−14.42 nm/m−1 in the range of 0 − 0.65 m−1, and the 

temperature sensitivity is 74.3 pm/℃ in the range of 

20 ℃ − 150  in the experiment. The experimental ℃

result shows that the sensor is suited for curvature 

and temperature simultaneous measurement. In 

addition, the novel sensor is compact, easy to 

fabrication, and highly sensitive, and it has many 

great potential applications, such as in bridge 

construction and mechanical arm detections. 
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