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Abstract

A highly sensitive curvature sensor based on asymmetrical twin core fiber

(TCF) and multimode fiber (MMF) is proposed and experimentally demon-

strated. By applying the coupled-mode theory and equivalent refractive in-

dex model, we theoretically analyze the uncoupled feature of the TCF and

the relationship between peak wavelength and the curvature. Two segments

of MMF used as beam splitter and combiner are embedded on the two ends

of the TCF, and the extinction ratio of the comb transmission spectrum is

about 15 dB. The experimental result shows that the curvature sensitivity of

the sensor can be achieved as high as 103.35 nm/m−1 ranging from 0.24 m−1

to 0.6 m−1, and the strain sensitivity is up to -4.01 pm/µε in the range from

0 µε to 1400 µε. The simultaneous detection of the curvature and strain can

be realized. The temperature sensitivity is 0.431 nm/◦C in the range from
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40 ◦C to 70 ◦C. This fiber sensor exhibits the advantages of low cost, easy

and repeated fabrication, and high sensitivity.
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1. Introduction

Optical fiber sensors have been paid special attention due to their specific

advantages, such as flexibility, high sensitivity, compact size, low cost, and

immunity to electromagnetic interference over traditional sensors. There-

fore, they have been widely applied in many areas for the measurement of

parameter, such as strain, temperature, vibration and displacement. In re-

cent years, optical fiber curvature sensor has attracted a wide attention in

fields of composite material structures, robot arms, and artificial limbs.

A number of optical fiber curvature sensors have been proposed based

on different optical fiber devices, such as long period grating (LPG) [1–

3], chirped fiber Bragg grating (CFBG), tilted-fiber Bragg grating (TFBG)

[4, 5], superimposed grating [6], singlemode-multimode-singlemode (SMS)

fiber based Mach-Zehnder interferometer (MZI) [7], two peanut-shape struc-

tures modal interferometer [8], tapered fiber based MZI [9], hollow-core fiber

and core-offset structure based MZI [10, 11], and the interferometers based

on photonic crystal fiber (PCF) or polarization maintaining PCF [12–15].

However, most of these fiber sensors have their own disadvantages. It is diffi-

cult to read the resonance wavelength exactly due to the broad transmission

resonance features of the LPG, and the demand of fabrication of fiber grating

is higher, which will increase the cost. In addition, The fabrication of the su-

perimposed grating and TFBG are very complicated in manufacturing. For
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hollow-core fiber structure, the light intensity modulation curvature sensor

is easily disturbed by the light source, which has poor stability. The two

peanut-shape structure usually involve complicated fabrication techniques,

which has the limit in application. The cost of the PCF and polarization

maintaining PCF is very high, and the core-offset and taper structure is

fragile and easy to break.

In this paper, we propose and experimentally demonstrate a highly sen-

sitive curvature sensor based on asymmetrical TCF and MMF. By applying

the coupled-mode theory, we theoretically find that the custom-designed TCF

has the uncoupled feature due to the large core pitch, and two MMFs are

fusion spliced on the two ends of the dual-core fiber, which are used as beam

splitter and combiner to form the in-fiber MZI. The relationship between

peak wavelength and the curvature is found by applying equivalent refrac-

tive index model. In the experiment the best sensitivity of curvature can be

achieved as high as 103.35 nm/m−1 ranging from 0.24 m−1 to 0.6 m−1, and

the best sensitivity of strain is -4.01 pm/µε in the range from 0 µε to 1400

µε. The simultaneous detection of the curvature and strain can be realized.

Besides, the best temperature sensitivity is 0.431 nm/◦C in the range from

40 ◦C to 70 ◦C.

2. Sensor design and operation principle

The custom-designed TCF is fabricated by the commercial modified chem-

ical vapor deposition (MCVD) method. The cross-section of the fiber is

shown in Fig.1. The outer diameter of the asymmetrical TCF is about 128

µm, and the diameter of the dual cores are 7.1 µm, 9 µm ,respectively. A
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Figure 1: Micrograph of cross section of the TCF.

0.35 m long TCF is used. The cores are originated from two Ge-doped Sil-

ica, which preforms with different diameters and the same refractive index,

leading to asymmetrical index distribution in the horizontal direction. The

refractive index difference ∆n of the core and the clad is 0.5 %. The distance

between the dual cores is about 25 µm, which is enough to suppress the cross

talk between the two cores. By applying the the coupled-mode theory, we

theoretically analyze the relationship between the coupling coefficient and

the distance between the dual cores. When the core pitch reaches to 25 µm,

the TCF has no coupled feature as shown in Fig.2 (a). Meanwhile, we ex-

perimentally splice the TCF with single-mode fiber(SMF) by applying the

lateral offset method. Fig.2 (b) shows the result, and we can not observe

comb spectra.

Considering the uncoupled feature of the dual-core fiber, in the experi-
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Figure 2: (a) Coupling coefficient against curvature; K12 (black line) and K21 (red line)

are the coupling coefficient between core 1 and core 2. (b) Transmission spectrum of the

TCF without MMFS.

ment two segments of MMF are fusion spliced on the two ends of the dual-

core fiber, which are employed to achieve the beam splitting and combining.

The outer diameter and core diameter of the MMF is 150 µm and 44 µm,

44
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Figure 3: schematic diagram of the MZI filter.

respectively. A schematic of the MZI filter is illustrated in Fig.3. Due to

that the core diameter of the MMF is larger than the core pitch of the TCF,

when the power of singlemode fiber (SMF)-in reaches the first MMF, parts
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of power are coupled to dual cores. The two beams propagating in two cores

are combined at the second MMF to form an in-fiber MZI. The transmitted

light intensity of the MZI can be expressed by[16]

Itotal = I1 + I2 + 2
√

I1I2 cos∆φ (1)

where Itotal is the transmitted light intensity of the MZI, I1 and I2 are the

output powers of the dual cores of the TCF, respectively. ∆φ is the phase

difference between the two arms of the MZI which can be expressed as

∆φ =
2πL(n1 − n2)

λ
=

2π∆nL

λ
(2)

where L is the length of the TCF, λ is the vacuum wavelength. ni (i=1 or 2) is

the effective refractive index of the two cores, and ∆n is the effective refractive

index difference between the two cores. When the phase difference ∆φ is

equal to 2mπ, the output power Itotal of MZI filter reaches the maximum peak

value which corresponds to the peak wavelength λm. The peak wavelength

λm can be deduced from Eq.(2).

λm =
∆nL

m
(3)

Thus the difference of the adjacent peak wavelength can ∆λ be calculated

as

∆λ = λm − λm+1 =
λmλm+1

∆nL
≈

λ2
m

∆nL
(4)

where ∆λ is the free spectral range (FSR).

Fig.4 (a) shows the schematic of bending TCF, R is curvature radius,

and the origin of coordinates locates at the center position between the two

cores. When the curvature is applied to the TCF, the outer layer of fiber
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Figure 4: (a) Schematic of bending TCF. (b)Refractive index profile of the TCF .

(positive x-direction) is in tension, and the inner layer (negative x-direction)

is in compression. According to elastic-optic effect, the refractive index of the

outside layers becomes higher and that of the inside layers becomes lower.

The refractive index profile in x-direction can be expressed through equivalent

refractive index model [17]

n′(x) = n(x)(1 + Cx) (5)

where C is the curvature, n′(x) and n(x) are refractive index profiles when

the TCF is straight and bent, respectively. Fig.4 (b) shows that when the

TCF is bent, the refractive index of core 1 would increase and the refractive

index of core 2 would decrease. Consequently, the propagation constants

of core 1 and core 2 would increase and decrease, respectively, as shown in

Fig.5. The effective refractive index of core 1 and core 2 would increase and

decrease, respectively, and the difference of effective index ∆φ would increase.

According to Eq.(2), the peak wavelength would move towards the longer

wavelength. When core 2 is in the out layer and core 1 is in the inner layer,

Fig.5 also shows the variation of the propagation constants of dual cores.
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Figure 5: Propagation constants against curvature with two case; one of the case is core

1 in the out layer (blue line) and core 2 in the inner layer (pink line), another case is core

1 in the inner layer (black line) and core 2 in the out layer (red line).

The propagation constants of core 1 and core 2 would decrease and increase

with the variation of the curvature, respectively. With the same theory as

above, the effective refractive index of core 1 and core 2 would decrease and

increase, respectively. The difference of effective index ∆φ would increase,

which causes the peak wavelength blue shift.

3. Experiment and discussion

In the experiment, the fabrication process of the proposed fiber sensor

has two steps. First, a SMS structure is fabricated with the MMF equal to

twice length of the single MMF, and the SMS structure is cut in the axial

center of the MMF. The second step is that the TCF is spliced between the

MMFs to realize the proposed configuration. The transmitted spectrum is

shown in Fig.6. It can be seen from Fig.6 that the extinction ratio is about

15 dB, and remarkable repeatability of the MZI comb filter can be achieved.
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The schematic of the cascaded device and the instruments utilized in the

experiment are shown in Fig.7. A broad band source (BBS) is employed as

the light source. The transmission spectrum of the sensor head is detected

by an optical spectrum analyzer (OSA).

Figure 6: Transmission spectrum of the TCF with MMFS.

Figure 7: Schematic diagram of the experiment setup.

Two translation stages are used to change the curvature of the device,

and the initial distance between the two translation stages is 500 mm. The

relationship between the curvature of the structure and the parameters can
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be calculated as

c =
1

R
∼=

√

24d

L3
0

(6)

where L0 and d are the initial distance and the movement distance between

the two translation stages, respectively.

Figure 8: transmission spectra of the fiber sensor for various curvature.

Figure 9: The relationship between the peak wavelength and the curvature.

Fig.8 shows the transmission spectra of the sensor under different bend-
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ing curvatures. With the increase of the curvature, the peak wavelength shift

towards the longer wavelength, which agrees with the theoretical analysis

above. By the linear fitting method for the peak wavelengths, the relation-

ship between the peak wavelength and the curvature is shown in Fig.9. In

the limited optical spectral ranges, the curvature sensitivity of the sensor is

88.075 nm/m−1 for the wavelength around 1520 nm ranging from 0.24 m−1

to 1.2m−1, 92.657 nm/m−1 for the wavelength around 1540 nm ranging from

0.24 m−1 to 0.89 m−1, and 103.35 nm/m−1 for the wavelength around 1560

nm ranging from 0.24 m−1 to 0.6 m−1, respectively. It is also found from

Fig.9 that the curvature sensitivity of the sensor increases with the increase

of the wavelength , which can be explained by

λ′

m =
(∆n+ δn)L

m
(7)

δλm = λ′

m − λm =
δn

∆n
λm (8)

where δn is a small change in value of ∆n by applying the curvature to

the sensor. λ′

m is the corresponding peak wavelength, and δλm is the small

change in value of the peak wavelength λm. It is found that longer wavelength

gives larger increase in δλm for a fixed increase in the δn in Eq.(8). Since δn

is corresponding to the change of the curvature, therefore, long wavelength

gives larger wavelength shift for a fixed increase in the curvature.

The fiber sensor also can be used to measure the strain. The two trans-

lation stage was adjusted with a step of 0.1 mm, which is equal to a strain

step of 200 µε. The transmission spectra of the sensor under different strain

is shown in Fig.10, in which the transmission spectrum of the sensor shifts

to the short wavelength with the strain ranges from 0 µε to 1400 µε.
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Figure 10: transmission spectra of the fiber sensor for various strain.
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When external strain is applied to the TCF, According to elastic-optic

effect, the refractive index of the dual cores are decreased, and the effective

refractive index of both cores are decreased. The decreasing magnitude for

the large core is more than that for the small core. This results in a decrease

in ∆φ, and the peak wavelength shift towards the shorter wavelength with an

increase in the strain. In Fig.11 the linear fitting result shows that the strain

sensitivity is -2.71 pm/µε around the resonance wavelength of 1520 nm, -3.06

pm/µε around the resonance wavelength of 1540 nm, -3.41 pm/µε around

the resonance wavelength of 1565 nm, and -4.01 pm/µε around the resonance

wavelength of 1580 nm in the range from 0 µε to 1400 µε, respectively.

Since the different resonance wavelengths have different sensitivities to-

wards curvature and strain, the variations of curvature and strain can be

discriminated, and can be calculated using coefficient matrix as [13]





∆C

∆S



 =
1

D





KS,C −KS,B

−KC,C KC,B









∆λB

∆λC



 (9)

where ∆ C and ∆ S are the variation of curvature and strain, respectively.

D = KS,CKC,B - KS,BKC,C , KC,B and KS,B are the curvature and strain

sensitivities of peak B, respectively; KC,C and KS,C are the curvature and

strain sensitivities of peak C, respectively. ∆λB and ∆λC are the wavelength

shift of peak B and peak C, respectively. Therefore, Eq.9 can be rewritten

with the experimental results, the matrix can be given as





∆C

∆S



 =
1

0.00029





−0.00341 0.00306

−103.35 92.657









∆λB

∆λC



 (10)
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Figure 12: transmission spectra of the fiber sensor for various temperature.
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In the experiment, the response of the proposed fiber sensor to temper-

ature has been investigated. Fig.12 shows the resonant wavelength shifting

with the different temperature. It could be seen that with the temperature

increasing the resonant wavelength shifts to the short wavelength. The linear

relationship between the temperature and the resonant wavelength is shown

in Fig.13, and the temperature sensitivity is 0.275 nm/◦C around the reso-

nance wavelength of 1520 nm, 0.339 nm/◦C around the resonance wavelength

of 1545 nm, and 0.431 nm/◦C around the resonance wavelength of 1575 nm

in the range from 40 ◦C to 70 ◦C, respectively. Consequently, this curvature

sensitivity is almost four times higher than that of the sensors[9]. This sen-

sitivity is approximately five times that of the curvature sensor by using two

peanut-shape structure[8], and compared with other fiber sensors it is very

high[7, 12, 13].

4. Conclusion

In this paper, we proposed and experimentally demonstrated an optical

fiber sensor based asymmetrical TCF and MMF. By applying the coupled-

mode theory and equivalent refractive index model, we theoretically analyze

the uncoupled feature of the TCF and the relationship between peak wave-

length and the curvature. Two segments of MMFs are used as beam splitter

and combiner to form the in-fiber MZI. The extinction ratio of the MZI is

about 15 dB. In the experiment, the curvature sensitivity of the device can

be achieved as high as 103.35 nm/m−1 ranging from 0.24 m−1 to 0.6 m−1,

and the sensitivity of strain is -4.01 pm/µε in the range from 0 µε to 1400

µε. The simultaneous detection of the curvature and strain can be realized
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by substituting the sensitivities to coefficient matrix. The temperature sen-

sitivity is 0.431 nm/◦C in the range from 40 ◦C to 70 ◦C. The result shows

that the sensor is suited for curvature, strain and temperature measurement.

In conclusion, the proposed sensor is characterized by compact, structural

stability, easy-fabrication and high sensitivity, and it has a great potential to

be applied in optical sensing system.
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