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Abstract: We demonstrated a compact and highly-sensitive curvature 
sensor based on a Mach-Zehnder interferometer created in a photonic 
crystal fiber. Such a Mach-Zehnder interferometer consisted of a peanut-
like section and an abrupt taper achieved by use of an optimized electrical 
arc discharge technique, where only one dominating cladding mode was 
excited and interfered with the fundamental mode. The unique structure 
exhibited a high curvature sensitivity of 50.5 nm/m−1 within a range from 0 
to 2.8 m−1, which made it suitable for high-sensitivity curvature sensing in 
harsh environments. Moreover, it also exhibited a temperature sensitivity 
of 11.7 pm/°C. 
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1. Introduction 

A variety of fiber-based curvature sensors have arisen due to their various applications in the 
areas of aerospace, geophysics, mechanical engineering, robotic arms, and structural health 
monitoring etc. Several schemes of fiber-optic curvature sensors based on the fiber gratings 
[1–9], the single-mode-multimode-single-mode (SMS) fiber structures [10], and 
interferometric structures [11–16] have been demonstrated. For instance, Gong et al. [10] 
proposed a fiber-optic curvature sensor based on a SMS structure with the maximum 
sensitivities of wavelength-curvature (−10.38 nm/m−1) and intensity-curvature (−130.37 
dB/m−1) relationships. Among these fiber-based curvature sensors, those using fiber gratings 
or SMS as the sensing element could operate in large ranges of curvature but exhibit low 
sensitivity. Although a high-sensitivity curvature measurement based on twin-core 
directional coupler was demonstrated [17], it required expensive material cost, and besides, 
the splicing a twin-core fiber with a single mode fiber was a challenge. 

The curvature sensor structure based on a Mach-Zehnder interferometer (MZI) usually 
involves two fiber-optic mode-coupling sections, where the two sections work as a beam 
splitter and a beam combiner. For instance, a single-mode fiber MZI consisting of two 
peanut-shape structures was used to investigate its response to the temperature and strain 
[18]. Recently, a curvature sensor has been reported, and it also consists of two peanut-shape 
sections [19]. In specially, MZIs formed in photonic crystal fibers (PCFs) have arisen due to 
their well-known superior advantages, such as east fabrication, compactness, and low 
temperature sensitivity. To make interference the fundamental mode with cladding modes, 
Choi et al. [20] proposed two methods, one is fusion splicing a PCF with a small lateral 
offset at a point and the other is partially collapsing the air holes of a single piece of PCF at a 
limited region. So far, a variety of curvature sensors by the means of exploiting PCFs have 
been investigated [21–27]. For example, Deng et al., demonstrated a sensitive curvature 
sensor, which consisted of a collapsed region and a small intentional lateral offsets [24]. 
However, either splicing with a lateral offset or collapsing a length of PCF would allow for 
more than two cladding modes interfering with the fundamental mode. And thus it would 
lead to a low extinction ratio or a small free spectral range, which is not suitable in the 
sensing field. 
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In this letter, we demonstrated a highly sensitive curvature sensor, which is based on an 
asymmetrical fiber MZI consisted of a peanut-like section and an abrupt taper. Such a unique 
structure exhibits a high sensitivity of 50.5 nm/m−1, which is four times larger than the 
reported results in [16]. Moreover, the temperature cross-sensitivity can be lowered due to a 
small thermal-optic coefficient of the PCF. 

2. Principle and experimental results 

We employ a large mode area PCF (ESM-12, http://www.nktphotonics.com) and a single 
mode fiber (SMF-28) in our experiment, the SEM image of which is shown in Fig. 1(a). The 
structure of the proposed MZI, i.e. MZI-1, is shown in Fig. 1(c). Firstly, the propagating core 
mode guided in SMF-28 converts its partial power into a single cladding mode in the peanut-
like section. As a result, the input optical signal is split into two optical path beams. And then 
the cladding mode is allowed to continue propagating through the holey structure of the PCF. 
Finally, an abrupt taper works as the beam combiner. 

 

Fig. 1. (a) SEM image of the empoyed PCF. (b) Transmission spectrum of the fabricated 
MZI-1 (Sample 3). (c) Schematic diagram of the MZI-1 and microscopic images of the 
peanut-like section and abrupt taper shown in the left and right insets. (d) Beam propagation 
simulation in the MZI-1 at the wavelength of 1430 nm and 1520 nm, respectively. 

A commercial fusion splicer (Fujikura FSM-80s) is employed. The parameters “Gapset 
Position” and “Overlap” in the fundamental program, i.e. “SM-SM” should be altered to 
fabricate the peanut-shaped section. Moreover, manual pushing both the sides of the PCF and 
the SMF-28 to the middle is required. The optimized splicing parameters are listed in Table 
1. As shown in the left inset of Fig. 1(c), the peanut-like section is formed, where the 
diameters of the expanded section are ~180 and ~145 µm, respectively. Located a few 
millimeters away, an abrupt taper is carried out manually with the splicer (see the right inset 
in Fig. 1(c)). Here the corresponding splicing parameters are similar to that shown in Table 1 
except that the “Taper splice” is used. As a result, we can see from Fig. 1(b) that strong 
interference spectrum can be observed and the insertion loss is less than 10 dB. In addition, a 
full-vectorial beam propagation simulation results with different wavelength are shown in 
Fig. 1(d), where the beam propagation direction is z-axis. It is indicated that the peanut-like 
section is beneficial to the power transformation between the fundamental mode and cladding 
modes in PCF, which induces strong mode interferences between them. Then the mode 
coupling continues to exist in the holey structure of the PCF until the abrupt taper region. As 
shown in Fig. 1(d), the power reaches the maximum point at the wavelength of 1430 nm, 
while it reaches the minimum point at the wavelength of 1520 nm. 

#236402 - $15.00 USD Received 19 Mar 2015; revised 21 Apr 2015; accepted 5 May 2015; published 26 May 2015 
© 2015 OSA 1 Jun 2015 | Vol. 23, No. 11 | DOI:10.1364/OE.23.014596 | OPTICS EXPRESS 14598 



 

 

Table 1. Optimized splicing parameters for a commercial fusion splicer (Fujikura-80s) 

Parameters Units Values

prefusion power bit standard

Prefusion time ms 180

overlap µm 0

fusion power bit Standard + 10

Fusion time ms 1200

offset µm −30 

Firstly, the light propagating in SMF-28 is divided into two beams in the peanut-like 
section, one is the fundamental mode while the other one is the dominating cladding mode. 
Therefore, the proposed structure can be operated according to a dual-mode MZI. With the 
phase difference Φ between the core mode and the cladding mode, the interference will take 
place and the intensity of the output can be expressed as 

 , ,2 (n n ) Lcore eff clad effπ
λ
−

Φ =  (1) 

 2 coscore clad core cladI I I I I= + + Φ  (2) 

where ,core effn and ,clad effn are the effective refractive indices of the core and cladding mode, 

respectively, L is the effective length of the MZI-1, coreI and cladI are the intensities of the core 
mode and cladding mode, respectively. When Φ = (2m + 1)π, m = 0, 1, 2..., the minimum 
wavelength value of the output light intensity is located at 

 , ,2 ( - )core eff clad effn n Lπ
λ

Φ =  (3) 

effnΔ  is the effective refractive index difference between core,effn  and clad,effn . As a result, 

the free spectral range (FSR) of such fiber interferometer can be expressed as 

 
2

FSR=
effn L

λ
Δ

 (4) 

We have fabricated three samples in order to determine the number and power 
distribution of the modes involved in the interference pattern. And the spectra of three MZIs 
are Fast Fourier transformed to obtain the spatial frequency spectrums. As shown in Fig. 
2(a), three modes including the fundamental mode and two cladding modes construct the 
interference pattern. Obviously, the power is primarily distributed in the fundamental mode 
and one of the cladding modes, while the other cladding mode has very small contribution to 
the interference pattern. Furthermore, the mode fields and refractive indices of the LP01 
( 11

xHE and 11
yHE ) modes and the LP11 ( 21

xHE , 21
yHE , 01TE  and 01TM ) modes existed in the PCF 

are calculated by using the full-vectorial finite element method, as shown in Fig. 2(b). We 
can get value of effnΔ between the LP01 mode and the LP11 mode is ~2.989 × 10−3 at λ = 1513 

nm. According to Eq. (4), the corresponding FSR is calculated as 232.3 nm, which is close to 
the experimentally measured value in Fig. 1(c). 
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Fig. 2. (a) Spatial frequency spectra of the three samples. (b) The mode fields and refractive 
indices of the fundamental modes and cladding modes existed in sample 3 at the wavelength 
of 1513 nm. 

The MZI-1 with 2.8 mm length (sample 3) was used to investigate its transmission 
spectra at different curvature with a supercontinuum white-light source (NKT SuperK 
Compact) and an optical spectrum analyzer (YOKOGAWA AQ6370C). The sensing section 
was fixed between two fiber holders among which a fiber holder could be moved 
longitudinally. The bent fiber was normally approximated as an arc of circle. So the sensor’s 
curvature was given by 

 2 21/ 2 / ( )C R d d L= = +  (5) 
R is the curvature radius, d is the bending displacement, and L is the half distance 

between the edges of the two clamps, which is set as 104 mm. 
The measured transmission spectra shift of the MZI-1 under different curvatures was 

shown in Fig. 3(a). It could be seen that the interference fringe shifts toward a longer 
wavelength, i.e. “red” shift with increasing curvature. The relationship between curvature 
and wavelength of dip A in the spectrum was plotted in Fig. 3(b). A linear response is 
obtained with a high sensitivity of 50.5 nm/m−1. The intensity of the dip also has a litter 
change with the bending of the sensing section, as shown in Fig. 3(b). And we attribute it to 
different power ratios between the dominating fundamental mode and the cladding mode in 
the process of curvature measurement. 

 

Fig. 3. (a) Spectra responces of the MZI-1 (sample 3) for different curvature. (b) The 
wavelength shift and dip intensity of the MZI-1 at dip A. 

Temperature response of the MZI-1 was also investigated by means of placing it into a 
column oven with a temperature range from room temperature to 95 °C. In addition, a 
differential thermocouple (UNI-T UT320) was used to measure the temperature with an 
accuracy of 0.1 °C. It should be noted that the temperature in the oven rose gradually from 25 
to 95 °C with a step of 10 °C, and then maintained about 20 min during each temperature 
rise. The wavelength shift induced by temperature was about 840 pm from 25 to 95 °C, i.e. a 
sensitivity of 11.7 pm/°C. In addition, there was nearly no variation in dip intensity been 
measured (Fig. 4). 
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Fig. 4. The wavelength shift and dip intensity of the MZI-1 versus temperature at dip A. 

Furthermore, the existence of the pair of asymmetrical sections, i.e. a peanut-like element 
and an abrupt taper, played a dominated role in the high curvature sensitivity. By 
comparison, we fabricated another PCF-based MZI without a peanut-like section and an 
abrupt taper, i.e. MZI-2, which consisted of two collapsed regions in the spliced joints. To 
serve as a contrast, the same physical length (~2.8 mm) is involved except for substituting 
the asymmetrical elements for the two collapsed regions. And the lengths of the two 
collapsed regions are ~142 and ~148 µm, respectively. It's obvious that the corresponding 
transmission spectra are irregular compared with the MZI-1, as shown in Fig. 5. And we 
conclude a comparative result with that reported in the references [23–26], where the 
curvature sensitivity (6.1 nm/m−1) is an order lower than the result in the manuscript (50.5 
nm/m−1). 

 

Fig. 5. (a) Spectrum of the MZI-2 with two collapsed regions. (b) The wavelength shift of dip 
1 with curvature. 

On the other side, simulation models and stress concentrations of MZI-1 and MZI-2 are 
established and concluded by use of a finite-element-based software, i.e. ANSYS, as shown 
in Fig. 6. Compared with the collapsed regions, the stress concentrations induced by the 
peanut-like region and the abrupt taper occur while an identical curvature is applied, this 
could be noted from the enlarged view in Fig. 6(a). In the meanwhile, there is no stress 
concentration existed in the two collapsed regions, as shown in Fig. 6(b). However, detailed 
tests verifying the operational principle will be a topic in our future work. 
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Fig. 6. Numerical simulation of (a) the MZI-1 structure with a peanut-like section and an 
abrupt taper; (b) the MZI-2 structure with two collapsed regions rather than a peanut-like 
section and an abrupt taper. 

3. Conclusion 

In summary, we have experimentally demonstrated a compact and highly sensitive MZI for 
curvature sensing, the length of which is less than 3 mm. And it only requires simple 
fabrication including splicing. The unique MZI based a PCF exhibits a high curvature 
sensitivity of 50.5 nm/m−1 and a temperature sensitivity of 11.7 pm/°C. The low temperature 
cross-sensitivity can find lots of application in the field of curvature sensing. 
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