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Abstract: In this paper, a dual Mach-Zehnder interferometer for measuring both temperature and 
strain is proposed and verified by experiments. The sensor configuration involves cascading a 
four-core fiber and a double-clad fiber between two single-mode fibers. By exploiting the different 
responses of the two Mach-Zehnder interferometers to temperature and strain, we construct a matrix 
using two selected resonance dips from the transmission spectra, so that both temperature and strain 
can be measured simultaneously. The experimental results show the sensor’s remarkable 
performance, with the maximum temperature sensitivity of −94.2 pm/℃ and the maximum strain 
sensitivity of 2.68 pm/με. The maximum temperature error and strain error are found to be ±0.35 ℃ 
and ±4.8 με, respectively. Compared with other optical fiber sensors, the sensor has high sensitivity, 
a simple structure, and ease to manufacture and implement, making it a structure choice for 
applications in quality inspection of materials. 
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1. Introduction 

Compared with the traditional electrical sensors, 

optical fiber sensors (OFSs) find wide-ranging 

applications in various fields, including the 

temperature [1, 2], magnetic field [3], pressure [4], 

and refractive index [5], due to their advantages of 

the compact size, high sensitivity, and strong 

resistance to electromagnetic interference. In recent 

years, several types of OFSs such as Fabry-Perot 

interferometers (FPIs) [6], fiber Bragg grating (FBG) 

sensors [7], and fiber-optic gyroscopes (FOGs) [8] 

have gradually found practical applications. 

In scenarios such as engines, civil engineering, 

and chemical plants, where heating or cooling 

frequently occurs, measuring strain and temperature 

in structural materials simultaneously becomes 

critical. OFSs [9, 10] are capable of simultaneous 

temperature and strain measurement, and play an 

important role in these scenarios. Previously, 

researchers often utilized FBG for this dual sensing 

purpose. However, its sensitivity is limited to 

approximately 10 pm/℃ [11]. The use of the 

advanced processing technology [12] or coated 

sensitive materials [13, 14] is expected to further 

improve the sensitivity of OFSs. 

In recent years, multi-core optical fibers (MCFs) 

have garnered significant attention and started to be 
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applied in the sensing field due to their high 

communication capacity and high integration [15]. A 

Mach-Zehnder interferometer (MZI) based on a 

tapered four-core fiber (TFCF) cascade FBG was 

proposed by W. Feng et al. [16]. The cascade 

sensors are complex, and FBGs are expensive and 

inherently cross-sensitive. Subsequently, J. Tian et al. 

[17] proposed hollow-core tube fibers (HTFs) based 

on the cascaded FPI for temperature and strain dual 

covariate measurement but encountered significant 

FPI losses. S. Xiao et al. [18] presented a fiber-optic 

MZI sensor in 2022, which contained three   

peanut cones, a standard single-mode fiber (SMF), 

and a commercially available panda-type 

polarization-maintaining fiber (PMF). In the 

following year, an improved structure cascaded two 

portions of the standard SMF through the three 

peanut cones [19], achieving the temperature 

sensitivity of 78.29 pm/℃ and the strain sensitivity 

of −0.639 pm/με. To achieve the higher sensing 

sensitivity, J. Ruan et al. [20] attempted to sandwich 

a section of the PMF between a multimode fiber 

(MMF) and a double-hole fiber (DHF) to fabricate a 

sensor based on the MZI and the Sagnac loop in 

2023. His structure significantly improved the 

temperature and strain sensitivity of the sensor, but 

the overall fiber length was large, prompting the 

need for a miniaturized temperature-strain dual 

parametric sensor. In the same year, researchers 

fused two types of fibers, a thin-core fiber (TCF) 

and a small cladding polarization-maintaining fiber 

(SCPMF), with core offsets to create a dual MZI 

capable of simultaneous temperature and strain 

measurement. The sensor is characterized by its low 

cost, responsiveness, and miniaturized design, but 

the fusion spliced with a core offset is susceptible to 

breakage [21]. 

The above sensors have simple structures and 

have been applied, but in the field of civil 

engineering quality inspection, higher requirements 

are put forward for the high sensitivity and low error 

of optical fiber sensors. In this paper, a double MZI 

sensor based on a cascade of the four-core fiber 

(FCF) and double-clad fiber (DCF) is proposed for 

the simultaneous measurement of temperature and 

strain. The sensor operates by tapering an FCF 

between two SMFs as the first MZI, followed by 

cascading a segment of the DCF behind the FCF to 

create the second MZI. The sensor is stable in 

structure and easy to manufacture. Through 

experimental demonstrations, it is shown that the 

two transmission spectrum dips can be utilized to 

establish a dual covariance matrix for the 

simultaneous measurement of temperature and strain. 

The sensors offer a new alternative to temperature 

strain sensors by eliminating the need for expensive 

and complex processing and by being structurally 

stable and highly sensitive. 

2. Principle of the sensor 

The sensor structure is depicted in Fig. 1. As the 

optical signal enters the FCF from the input SMF 

through the taper, a portion of the light is coupled 

into the four cores of the FCF, while the other part of 

the light is excited into the cladding, forming a 

cladding mode. Upon reaching the DCF, the light 

inside the fiber cores and the light inside the 

cladding interfere with the difference in the optical 

path length, resulting in the formation of the first 

MZI at the fusion point of the FCF and the DCF. 

MZI-1 MZI-2 

MMF SMFDCF FCF
SMF

Icore,FCF

Iclad,FCF

Iclad,DCF 

Icore,FCF 

 
Fig. 1 Schematic diagram of the sensor. 

The light intensity at the first MZI can be 

expressed as [22] 

1 core,FCF clad,FCF

eff 1 1
core,FCF clad,FCF

2 Δ
2 cos ,

I I I

π n L
I I .

λ

= + +

 
 
 

     (1) 

Subsequently, a portion of the light energy in the 

FCF enters the cladding of the DCF and gets excited 
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once more, while the other portion of the light 

energy enters the fiber core of the DCF. The two 

modes of light continue to propagate forward into 

the MMF, which acts as a coupler in the sensor. The 

two beams are coupled into the SMF, then interfere 

again to form the second MZI. 

The light intensity at the second MZI can be 

expressed as 

2 core,DCF clad,DCF

eff ,2 2
core,DCF clad,DCF

2 Δ
2 cos

I I I

π n L
I I

λ

= + +

 
 
 

    (2) 

core,FCF 1 1 0I γ α I=               (3) 

clad,FCF 1 0(1 )I γ I= −              (4) 

core,DCF 2 2 1I γ α I=               (5) 

clad,DCF 2 1(1 )I γ I= −              (6) 

where Icore,FCF represents the light intensity inside the 
FCF core, Iclad,FCF is the light intensity inside the 
FCF cladding, Icore,DCF denotes the light intensity 
inside the DCF core, Iclad,DCF is the light intensity 
inside the DCF cladding. Δneff,1 is the effective 
refractive index difference between the core and 
cladding in the FCF, Δneff,2 is the effective refractive 
index difference between the core and cladding in 
DCF, L1 and L2 are the lengths of the FCF and DCF, 
respectively, I0 signifies the emitted light intensity, 
γ1 and γ2 are the ratios of the light intensity in the 
split to the total light intensity in the fiber core, and 
α1 and α2 are the propagation loss results. 

When the phase difference satisfies φ=(2j+1)π 

and φ'=(2j'+1)π, the wavelength of the interference 

peaks and valleys can be expressed as 

( )
eff ,1 12Δ

2 1j

n L
λ

j
=

+
             (7) 

( )
eff ,2 22Δ

2 1j'

n L
λ

j'
=

+
            (8) 

where j and j' represent integers, φ and φ' represent 

the phase difference between the two interferometers, 

respectively. When the external temperature and 

strain undergo changes, the wavelength 

corresponding to the dips will also be affected 

accordingly. In order to measure the strain and 

temperature, at least two dips are chosen to measure 

their wavelength displacements. The wavelengths of 

the dips with changes in the temperature and strain 

can be expressed as follows: 

( ) ( )1 1 ,1Δ Δ 1 Δ

Δ Δ

j j ξ

jT jε

λ λ ξ α T P ε

K T K ε

 = + + − 
= +

      (9) 

( ) ( )2 2 ,2Δ Δ 1 Δ

Δ Δ

j j ξ

j T j ε

λ λ ξ α T P ε

K T K ε

′ ′

′ ′

 = + + − 
= +

    (10) 

where ξ1 and ξ2 are the thermo-optic coefficients, α1 

and α2 are the coefficients of thermal expansion, Pξ,1 

and Pξ,2 are the effective elastic-optic coefficients, 

KjT and Kjε are the temperature sensitivity and strain 

sensitivity of the first MZI, Kj'T and Kj'ε are the 

temperature sensitivity and strain sensitivity of the 

second MZI. 

From the above equation, the temperature 

sensitivity and strain sensitivity matrix can be 

expressed as 

( )

1

11 1

2 2 2

12 1

2 1 22 1 2 1

ΔΔ

Δ Δ

Δ1
.

Δ

T ε

T ε

ε ε

T Tε T T ε

λK KT

K Kε λ

λK K

K K λK K K K

−
   

= =   
     

−   
  −−   

   (11) 

3. Fabrication of the sensor 

The FCF (FIBERCORE, SM-4C1500) used is 

shown in Fig. 2(a), with the four cores of the fiber 

arranged in a matrix with a core spacing of   

50 μm, a core diameter of 8 μm, and a cladding    

diameter of 125 μm. The DCF (CORACTIVE, 

DCF-EY-10/128H) used is shown in Fig. 2(c), with 

a core diameter of 10 μm and a cladding diameter of 

128 μm. The microscopic images of the fusion 

points between the SMF and FCF are displayed in 

Fig. 2(b), and the microscopic images of the fusion 

points between the FCF and DCF are shown in 

Fig. 2(d). 

The manufacturing process of the sensor is 

shown in Fig. 3. Firstly, a fusion splicer (Fujikura 

FSM-100P+) is used to fuse the SMF at one end of 

the FCF. The splicer has the ability to taper the fiber 
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with the special function. The optimum fusion 

parameters are determined by repeated experiments: 

the main fusion power is 60 bits; the discharge time 

is 1 400 ms; the fiber feeding speed is 0.50 μm/ms. 

The wrist diameter at the fusion point is 85 μm and 

the length of the taper section is 1 mm. Subsequently, 

the fiber is cut by using a fiber cleaver and the FCF 

end is flat cut. Next, a section of the DCF is fused at 

the other end of the FCF by using automatic 

discharge. Following this, an MMF with a length of 

1 mm is fused with the DCF. Finally, the SMF is 

fused at the other end of the MMF, and the sensor is 

completed. 

 
Fig. 2 Microscope image of sensor structure: (a) cross 

section of the FCF, (b) fusion point of the SMF and FCF,      
(c) cross section of the DCF, and (d) fusion point of the FCF and 
DCF. 

(a) 

(e) 

(c) 

(b) 

(d) 

Arc 

SMF FCF 

Arc 

DCF FCF DCF MMF  SMF 

DCF 1 cm

1 cm 
Cleave

Cleave

 
Fig. 3 Fabrication process of the sensor: (a) fusing the SMF 

with the FCF, (b) flat cutting the FCF end, (c) fusing the FCF 
with the DCF, (d) flat cutting the FCF end, and (e) fusing the 
DCF with the MMF. 

The spatial spectral diagram is obtained by using 

the fast Fourier transform (FFT) method, as shown 

in Fig. 4. We make three sensors with different fiber 

lengths. The main spatial frequency of Fig. 4(a) is 

0.074 99 nm−1, and the main spatial frequency of 

Fig. 4(b) is 0.039 99 nm−1, which is mainly caused 

by the different lengths of the DCF. The dominant 

spatial frequencies in Figs. 4(a) and 4(c) are both 

0.074 99 nm−1 and the remaining spatial frequency 

corresponds to other weak interference modes. The 

relationship among the spatial frequency ξ, the 

interference length L, and the effective emissivity 

difference Δn is expressed as 
Δ

2

nL
ξ .

λ
=               (12) 

The effective refractive index difference of the 

DCF is 0.012, which corresponds to its numerical 

aperture of 0.2, and it can be demonstrated that the 

interference between the core and cladding modes  

of the MZI-2 introduces the dominant spatial 

frequency. 
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Fig. 4 Spatial frequency spectra of sensors fabricated with 

different lengths of the fiber: (a) LFCF=1 cm, LDCF=1.5 cm,    
(b) LFCF=1 cm and LDCF=0.8 cm, and (c) LFCF=1.5 cm and 
LDCF=1.5 cm (where LFCF is the length of the FCF, and LDCF is 
the length of the DCF). 

4. Experiments and analysis 

4.1 Temperature response 

The temperature experimental setup is shown in 

Fig. 5. Light emitted through an ultra-wideband light 
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source (UWBLS, Go-light, 1 250 nm−1 650 nm) 

enters the sensor. The sensing unit is fixed on the 

high precision temperature measurement (Sunny 

Precise, SLD70), the resolution of 0.001 ℃, and the 

optical spectrum analyzer (OSA, YOKOGAWA, 

AQ6370D) records the output spectra. 

 
Fig. 5 Schematic of the temperature measurement setup. 

In the temperature experiment, the experimental 

setup is kept stable, and the temperature change 

gradient is controlled at 5 ℃. The transmission 

spectra are measured in the range of 25 ℃−55 ℃, 

 

and each temperature being maintained for twenty 

minutes. The measured transmission spectra under 

different temperatures and the dip wavelengths 

versus temperature are shown in Fig. 6(a). The 

insertion loss is approximately 12 dB, and the 

spectra show a blueshift as the temperature increases. 

The blueshift of the resonant wavelength is 

attributed to the negative thermo-optical coefficient 

of the fiber. Figure 6(b) presents the temperature 

response of the two selected dips and their 

corresponding blueshifts: the blueshifts of the two 

dips are 2.85 nm and 2.32 nm, respectively. The 

temperature sensitivity is found to be −94.2 pm/℃ 

and −78.38 pm/℃, respectively. Data fitting   

shows the linear relationship between the 

temperature and wavelength. The values of the 

fitting linearity are 99.715% and 99.808%, 

respectively. 
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Fig. 6 Temperature sensing experimental results: (a) measured transmission spectra under different temperatures and (b) dip 
wavelengths versus temperature. 

4.2 Strain response 

The strain experimental setup is depicted in 

Fig. 7. The light source and OSA used are the same 

as those employed in the temperature measurement. 

The sensor is naturally straightened, with one end 

fixed on the electric displacement table using the 

ultraviolet (UV) glue, while the other end is fixed on 

the double-hole plate. As the stepping motor moves, 

an axial strain is applied to the sensor. The minimum 

travel distance of the motorized displacement stage 

is 0.01 mm, and the initial distance between the two 

platforms is 20 cm. The computer can control the 

movement of the unidirectional stepper motor. The 

strain applied to the sensor is calculated as ε=ΔL/L 

(where ΔL represents the length of the fiber being 

stretched, that is, the distance that the stepper motor 

is moving, and L is the total fiber length between the 

two segments). 
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Fig. 7 Schematic of the strain measurement setup. 

Strain sensing experiments are carried out at 

room temperature, controlling the gradient of strain 

change to 500 με. Figure 8(a) illustrates the spectra 
 

response with strain ranging from 0 με to 3 000 με at 

intervals of 500 με. As the strain increases, the 

spectra experience a redshift, and the sensor 

fractures when the strain reaches 3 500 με. 

Figure 8(b) shows the strain response of the two 

selected dips, along with the redshift of two dips 

measuring 6.69 nm and 3.86 nm, respectively. The 

strain sensitivity is calculated as 2.68 pm/με and 

1.53 pm/με, respectively. The values of the fitting 

linearity are 99.474% and 99.974%, respectively. 
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Fig. 8 Strain sensing experimental results: (a) measured transmission spectra under different strains and (b) dip wavelengths versus 

strain.

The temperature strain sensitivity matrix is 

constructed using the two dips, which is denoted as 

1

2

ΔΔ 1.53 2.681
.

78.38 94.2Δ Δ65.932 4

λT

ε λ

    
=     −    

−
  (13) 

Since the minimum resolution of the OSA is 

0.02 nm, the maximum temperature error is ±0.35 ℃ 

and the maximum strain error is ±4.8 με. 

Table 1 presents a comparison of the 

performance of the proposed sensor with other 

published sensors of the same class, including the 

publication year, sensor structure, temperature 

sensitivity, and strain sensitivity. The proposed 

in-fiber MZI exhibits the higher sensitivity and 

better resolution, showcasing promising application 

prospects in the field of temperature and strain 

synchronous measurement. Furthermore, the 

sensor’s manufacturing process is much simpler 

compared to peanut tapers, cascaded structures, and 

FBGs, which contributes to its cost-effectiveness. 

Table 1 Performance comparison with other published 
sensors. 

Publication 
year 

Sensor structure 
Temperature 
sensitivity 
(pm/ )℃  

Strain 
sensitivity 
(pm/με) 

2023 
Three cascaded peanut 

tapers [19] 
60.52 −0.911 

2023 
SMF-TCF-SCPMF-SMF 

structure [21] 
66.7 −1.51 

2022 
Cascaded SMF and PMF 

[18] 
78.29 −1.441 

2020 
FBG cascaded TFCF 

[16] 
46.93 1.26 

This paper
SMF-FCF-DCF-SMF 

structure 
−94.2 2.68 
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5. Conclusions 

In this paper, an online dual MZI is constructed 

by cascading two types of optical fibers, FCF, and 

DCF, for temperature-strain dual-parameter 

measurement. The maximum temperature sensitivity 

is −94.2 pm/℃ and the maximum strain sensitivity 

is 2.68 pm/με. By demodulating the temperature- 

strain matrix, the simultaneous measurement of two 

parameters can be realized, and the maximum 

temperature error of the fabricated sensor is ±0.35 ℃ 

and the maximum strain error is ±4.8 με. Compared 

with the similar sensors, this sensor is sensitive, 

simple, and easy to fabricate, and this sensor will 

play a great role in future engineering measurement. 
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