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Reflection-Based Optical Fiber Strain Sensor Using
Polarization Maintaining and Thin Core Fibers

D. Jauregui-Vazquez , J. P. Korterik, H. L. Offerhaus, J. M. Sierra-Hernandez , and J. A. Alvarez-Chavez

Abstract— A strain fiber optic sensor is proposed and exper-1

imentally demonstrated in this letter. The sensor operates in2

reflection mode, and its assembly relies on a single splice point3

between a thin core fiber and polarization-maintaining fiber. The4

system offers competitive sensitivities of 14.68 and 6.9 pm/με,5

determined by the PM-fiber length. In addition, the one-way6

ANOVA analysis indicates a minimal error (MSE=0.34) and low7

probability of measurement overlap (Prob > F = 5.59882 ×8

10−85). The fabrication, the sensor dimensions, and the statistical9

analysis make the proposed sensor an attractive alternative for10

monitoring strain.11

Index Terms— Strain fiber optic sensor, polarization maintain-12

ing fiber, interferometric all fiber-optic device.13

I. INTRODUCTION14

STRAIN receives special attention from the fiber-optic15

sensor community due to exciting applications such as16

biomechanical monitoring [1], medical surgery [2], structural17

health monitoring [3], robotics [4], metal deforming [5], and18

art preservation [6]. Diverse strain fiber optic sensors have19

been demonstrated over almost four decades. One of the first20

approaches to detect strain was the well-known Fiber Bragg21

Grating (FBG). These devices generally have a one integer22

digit sensitivity in terms of pm/με [7]; Over the last decade,23

many efforts have focused on improving this sensitivity by24

modifying the FBG shape or combining it with interferometric25

devices [8]. Tapered optical fibers are another option to detect26

strain [9]. This thin fiber shows an improved sensitivity but27

needs delicate opto-mechanical handling.28

Interferometric all-fiber devices emerge as a strain detection29

alternative with high sensitivity. Fabricating these devices30
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is achieved by an arc splice technique using optical fibers 31

with distinctive characteristics. Indeed, some of them have 32

been presented as Mach-Zehnder, Sagnac, Fabry-Perot, and 33

Michelson configurations. Some Mach-Zehnder and Michel- 34

son configurations show high sensitivity [10], [11]; Their 35

fabrication often involves non-commercial optical fibers. 36

Fiber-optic Fabry-Perot interferometers based on air intra- 37

cavity exhibit competitive sensitivities and low-temperature 38

influence [12]. Sagnac interferometers offer a relatively sim- 39

ple implementation and can produce ultra-high sensitivity 40

by extending the length of the sensing section [13], which 41

limits some applications. The present manuscript proposes 42

a reflection-based interferometric optical fiber structure for 43

strain monitoring. The optical fiber structure is based on a 44

single splice point between a thin core fiber and a polarization- 45

maintaining fiber; they both are commercial products. The 46

structure is reproducible and robust, and its fabrication is 47

straightforward. Additionally, the sensitivity is competitive 48

compared to other strain optical fiber sensors, and the sta- 49

tistical analysis indicates that minimal errors can be expected. 50

II. SENSING SETUP AND PRINCIPLE OF OPERATION 51

The proposed reflection-based optical fiber strain sensing 52

setup is depicted in Figure 1. The interrogation system relies 53

on the interconnection between three elements: an optical 54

spectrometer (Advantest, AvaSpec-3648), a 50/50 optical fiber 55

coupler (Thorlabs, TW1064R5F1B), and a broadband light 56

source (Superlum, SLD-521-HP-PM; 930-160 nm, 5.8 mW). 57

According to the fabricant, an output polarization state is 58

excited by slow axis alignment (45◦ orientation). 59

The reflection-based strain fiber optic sensor is set at the 60

end of the interrogation setup. This interferometric reflection 61

optical fiber structure is achieved by splicing a thin core fiber 62

(980HP) and a polarization-maintaining fiber (PM980-XP). 63

The 980HP fiber has a core diameter of 3.6 μm and mode field 64

diameter of 4.2 μm at 980 nm, whereas the PM980-XP has a 65

core diameter of 5.5 μm and mode field diameter of 6.6 μm at 66

980 nm. Both fibers are designed for single-mode operation at 67

980nm and have a similar second mode cut-off around 920 nm. 68

These fibers are spliced by using the multimode program of 69

the Fitel S174H arc splicer (see inset in Figure 1). 70

The splice generates a mismatch point, where the core mode 71

from the 980HP fiber splits into two orthogonally polarized 72

modes, within the PM980-XP. These modes disperse through- 73

out the polarization maintaining fiber and are reflected at the 74

flat end-face via Fresnel reflection. Upon their return, these 75

modes are coupled back into the 980HP core at the splicing 76
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Fig. 1. Schematic configuration of the reflection-based strain fiber optic
sensor based on interferometric device. Inset: Splice between the thin core
fiber and the polarization maintaining fiber.

point. It is essential to mention that initial polarization from the77

broad band source stage is crucial to excite the interference.78

Their interaction generates an interference reflection spectrum79

that can be determined by:80

IR = Ia + Ib + 2(Ia Ib)
0.5 cos(ϕ). (1)81

where Ia and Ib are the orthogonally polarized modes gener-82

ated at the splice point; the phase (ϕ = 4π B L
/
λ) between83

these modes will depend on the length (L) and the bire-84

fringence coefficient (B) of the PM980-XP, as well as on85

the operation wavelength (λ). The minima in the reflection86

interference spectrum are governed by:87

λd = 4B L

2k + 1
. (2)88

where k represents an integer value. When the birefringence89

is altered, the minima will be shifted. Furthermore, by con-90

sidering two minima points, it is possible to obtain the Free-91

Spectral Range (FSR, �λ) as:92

F S R = λd1 ∗ λd2

2B L
. (3)93

III. RESULTS94

Four samples were fabricated for validation: Two with a95

PM980-XP length of 38 cm and two more with a length96

of 19 cm. Their interference reflection spectra are shown in97

Figure 2. The samples with a 38 cm length showed a similar98

FSR of around 3 nm (Figure 2a); meanwhile, the samples with99

a length of 19 cm had an FSR of 6 nm (Figure 2b). These100

values agree with the FSR relation in that as the length of101

the PM980-XP decreases, the FSR increases. Moreover, if we102

consider the beat length, it is possible to obtain information103

about the birefringence. According to the manufacturer, the104

beat length of the PM980-XP is ≤2.7 mm at 980 nm. Then,105

the B value will be close to 3.63 ×10−4. The FSR of the four106

samples yields similar B values, close to 4.21 × 10−4. Due107

to the slight birefringence difference (5 × 10−5) between the108

theoretical and the experimental values, it can be assumed that109

the two orthogonally polarized modes generate the interference110

reflection spectrum. The visibility of the fabricated samples111

oscillates between 5 and 3 dB. It is important to mention that112

the phase difference observed in Figure 2b can be attributed113

to the axis orientation of the PM980-XP. All the samples114

Fig. 2. Reflection based interference spectra of interferometers with a
PM980-XP length of (a)38 cm and (b)19 cm.

were tested for strain; here, two XYZ translation stages were 115

used to hold the reflection-based interferometric devices. Then, 116

the distance between both translation stages (D) is increased 117

or decreased. As a result, the strain is controlled. It worth 118

mentioning that the coating of the PM980-XP was not removed 119

during the experiments. In addition, we employ magnets to 120

hold the PM980-XP at the v-grove fiber holder; these magnets 121

are located over the coated region (see Fig. 1). 122

The strain response of probe 2 (with a length of 38 cm) is 123

shown in Figure 3a. As the strain increases, the interference 124

reflection spectrum is shifted to longer wavelengths. This 125

sample exhibits a total wavelength shifting of 6.91 nm at the 126

strain range from 0 to 370 με. The wavelength shift has to 127

do with birefringence change due to the elasto-optic effect. 128

Moreover, the shifting direction is linked to the increment 129

of the birefringence. Probe 3 was also analyzed under a 130

maximum strain of 1428 με (Figure 3b); this sample provides 131

a total wavelength shift of 9.17 nm. This sample has a length 132

of 19 cm. Both samples present the same wavelength shift 133

direction; however, their sensitivities will be different due to 134

their dimensions. The strain was applied in the forward and 135

backward direction three times for samples 1 and 2; then, 136

the sensitivities were analyzed considering the wavelength 137

shift of the minima close to 957 nm (Probe1 and Probe2). 138

The maximum sensitivity in the forward direction analysis 139

for Probe1 was 14.68 pm/με with an adjusted R-square (R2) 140

of 0.9957 (see Figure 4a). At the same time, the back- 141

ward analysis of Probe 1 indicates a minimum sensitivity of 142

14.37 pm/με with R2 = 0.9852. As a result, the hysteresis is 143

0.26 nm. Probe 2 shows maximum sensitivity of 14.28 pm/με 144

in the forward direction and 14.06 pm/με in the backward 145

direction (see Figure 4b). The forward and backward analyses 146

of Probe 2 indicate an adjusted R-square of 0.9694 and 0.9839, 147

respectively. This sample exhibit a hysteresis of 0.7 nm. The 148

same analysis was conducted on sample 3 (Figure 5a) and 4 149

(Figure 5b). In these experiments, we consider minima points 150

at: 952 nm-Probe3 and 956 nm-Probe4. Here, sample 3 shows 151

a maximal sensitivity of 6.9 pm/με (R2 = 0.9904) in the for- 152

ward direction, and 6.7 pm/με (R2 = 0.9920) in the backward 153

direction. Then, minimal hysteresis of 0.5 nm is observed. 154

Sample 4 shows a maximal hysteresis of 1nm; resulting in 155

lower adjusted R-square values of 0.9767 and 0.9845 in the 156
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Fig. 3. Interference reflection spectrum response as the strain is applied
using a) probe2 and b) probe3.

Fig. 4. Repeatability strain experiments and their hysteresis variation of a)
probe1 and b) probe2.

forward and backward directions, respectively. Nevertheless,157

the sensitivity remains almost similar at 6.7 pm/με, in both158

directions.159

Considering that the samples show similar sensitivities160

according to the length of the PM980-XP, the data can be161

analyzed using the one-way ANOVA method in MATLAB.162

The ANOVA results of Probe1 and Probe 2 are depicted in163

Figure 6a. It can be observed that the means have a lower164

probability of overlapping (Prob > F = 1.22634 × 10−67).165

Furthermore, the error presented can be attributed to the166

initial strain setting at the moment to fix the samples (-Mean167

Square Error-MSE=0.1901). According to Figure 6b, samples168

3 and 4 show an MSE=0.34, which can be attributed to the169

unexpected data measured at high strain values (see Figure b);170

these samples show lower Prob > F = 5.59882×10−85. Please171

note that the above results were achieved at room temperature.172

Please note that the coating of the PM980-XP can be affected173

by the tensile strength after several rounds, then the sensor174

performance can be compromised. As a result, it is necessary175

to monitor the sensitivity for a longer time; then, a new sample176

with high sensitivity was fabricated (14 pm/με). Subsequently,177

the strain was monitored, and the following experiment was178

performed once per week for three weeks: the strain was179

applied two times in the forward direction and one time in180

Fig. 5. Wavelength shifting response after three rounds forward-backward
direction of a) probe 3 and b) probe 4.

Fig. 6. Anova analyses for strain sensor with a length of a) 38 cm and
b) 19 cm.

a backward direction; the sensitivity variation during these 181

analyses can be appreciated in Figure 7. 182

As it can be appreciated, the sensitivity is not severely 183

affected. Moreover, the hysteresis variation remains similar 184

(0.7nm). However, the results indicate an initial point varia- 185

tion. As a result, the fiber optic sensor requires a calibration 186

process. These undesired effects can be attributed to the 187

translation stage’s hysteresis and the coating affectation. One 188

alternative to overcome these effects can be the phase signal 189

analysis [14]; here, it has been demonstrated that the phase 190

analysis reduces the use of an initial set point. Furthermore, 191

other computational techniques can be explored to avoid 192

calibration [15]. Moreover, the package requires special char- 193

acteristics that would optimize the sensor performance [16]. 194

IV. DISCUSSION 195

Several interferometric optical fiber structures have been 196

proposed using polarization-maintaining fibers; as a result, 197

good sensor performance can be achieved [11], [17], [18]. 198

Nevertheless, the polarization optical fiber design and fab- 199

rication accessibility, limit the viability and the capacity for 200

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on September 28,2022 at 13:49:30 UTC from IEEE Xplore.  Restrictions apply. 



1202 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 34, NO. 21, 1 NOVEMBER 2022

Fig. 7. Long time strain sensitivity analysis.

TABLE I

COMPARTIVE PERFORMACE WITH RECENT WORKS

studying these devices. In recent years, sensitivities with three201

integer digits were demonstrated via the Vernier effect [13],202

so almost any interferometric fiber optic sensor sensitivity203

could be improved. The maximal sensitivity achieved in this204

work is 14.68 pm/με (R2 = 0.9957). As shown in Table I, this205

sensitivity is competitive with recent works. In addition, this206

sensitivity can be magnified by an artificial reference spectrum207

using Fast Fourier Transform [19].208
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