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Abstract. In this paper, we propose a new fiber bending sensor based on speckle 

pattern imaging. The design and implementation of the sensor are demonstrated by 

simulated studies. The speckle pattern imaging technique by using a multimode 

fiber can offer high spatial resolution. In this study, we showed that the bending 

sensor responds very sensitively by using the correlation of the images. The fiber 

sensing part consists of a curve in a form similar to the S structure. We reached a 

sensitivity of 0.0295 μm-1 by bending the fiber only 60°. Sensitivity can be further 

increased by reducing the bending diameter or creating a full loop.  
 

 

1. Introduction 

 

Fiber optic sensors have emerged as a powerful and versatile technology for 

measuring various physical parameters with high accuracy and sensitivity. They use 

the basic principles of light transmission and modulation within optical fibers to 

measure. Unlike conventional sensors that rely on electrical or mechanical 

components, fiber optic sensors exploit the interaction between light and the 

surrounding environment to detect and quantify changes in temperature [1,2 3, 4], 

strain [5, 6, 7], pressure [8, 9, 10], humidity [11, 12, 13, 14], chemical composition 

[15, 16, 17, 18] and more. This ability to convert physical quantities into measurable 

optical signals has opened up new avenues for highly sensitive and reliable sensing. 

Fiber optic sensors offer numerous advantages such as small size, immunity to 

electromagnetic interference, remote sensing capability, and the ability to multiplex 
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multiple sensors along a single fiber. These advantages have prompted extensive 

research into the development of novel fiber optic sensing techniques, including 

those based on the analysis of speckle patterns. 

In recent years, there has been a growing interest in the development of optical 

fiber bending sensors due to their numerous applications in various fields, including 

structural health monitoring, robotics, biomechanics, and industrial automation. 

These sensors utilize the unique properties of optical fibers to detect and measure 

bending-induced deformations, providing accurate and reliable information about 

the bending curvature and applied forces. Researchers have used different techniques 

to measure bending, based on modulation principles such as intensity, wavelength, 

and frequency modulation [19, 20, 21, 22]. In addition, they have proposed fiber 

bending devices using different types of fibers such as single mode fiber, multimode 

fiber, multicore fiber, fiber Bragg grating or long period fiber grating. In a significant 

part of these studies, bending measurement is performed by calculating the intensity 

or optical power loss at a standard single or multi-mode fiber output [23, 24]. In 

others, measurement is performed by analyzing changes in the wavelength spectrum 

resulting from modal interference. Although bending sensors based on wavelength 

or frequency modulation are more sensitive to curvature than those based on 

intensity modulation, the optical spectrum analyzer used in such systems causes a 

high cost and compromises the compact structure of the sensor. 

In this paper, we propose a new fiber bending sensor based on speckle pattern 

imaging. The use of speckle pattern imaging as a detection mechanism in fiber optic 

bending sensors offers many advantages. First, it enables non-contact sensing and 

the quantity to be measured with the sensor eliminates the need for physical contact. 

Secondly, the speckle pattern imaging technique offers high spatial resolution. 

Moreover, it will be sufficient to use only one camera instead of using an expensive 

optical spectrum analyzer.  

We organized the paper in four chapter. In the second chapter, the propagation of 

modes in optical fibers and the formation of the speckle pattern image are presented 

with a theoretical perspective. In the third chapter, the design and implementation of 

the optical fiber bending sensor based on speckle pattern imaging is demonstrated 

by simulated studies. The simulation results and bending sensitivity of the sensor are 

discussed in the fourth section. 
 

2. The formation of speckle pattern image in optical fibers 
 

Optical fibers used in the modern communication industry are the most critical 

passive optical components that carry the signal in the communication infrastructure. 

Single-mode fibers are generally preferred for applications that require high data 

rates or long distances. They are used for very long-distance connections such as 
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telecommunications, cable TV, applications requiring long-distance data 

transmission, and even transatlantic undersea link. On the other hand, multimode 

fibers are often used in many applications such as short-distance local area networks, 

decorative lighting as a light source, and transporting light from a high-power optical 

source to the place where it is needed. Fig. 1 (a) and (b) show the distribution of light 

in the cross-sectional area of single mode and multimode fiber, respectively. As seen 

in the figure, while in a single-mode fiber the light creates a spot appearance similar 

to a Gaussian distribution, in a multimode fiber this appearance turns into a complex 

pattern consisting of many small spots. In fact, this is a result of this fiber carrying 

multiple light rays or modes simultaneously. 

 

 

  

 

 

 

 

 

 

 

 

 

 
Figure 1. Intensity distribution of light at the end of the fiber, (a) Single mode fiber (b) 

Multimode fiber. 

 

Optical fibers have a radial symmetry. In a multimode step index fiber, hundreds 

or even thousands of optical modes can be propagated. Since the index profiles 

exhibit only a small index contrast, they can be assumed to be weakly guiding. In 

this case, the calculation of fiber modes can be greatly simplified and we can 

calculate linearly polarized LP modes. The general wave equation in cylindrical 

coordinates can be written as follows [25]. 
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+ (𝑘2 − 𝛽2)𝐸 = 0 (1) 

 

Here 𝐸(𝑟, 𝜑) is the complex electric field, 𝑘 = 2𝜋/𝜆 is the wave number, β is the 

phase constant (imaginary part of the propagation constant) and λ is the vacuum 

wavelength. If a laser beam with an intensity distribution similar to Gaussian is 
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applied to the input of a multimode fiber (z=0), the explanation of the complex 

electric field is as follows: 

 

 𝐸𝑖𝑛(𝑟, 𝜙) =
1

𝜌
𝑒𝑥𝑝 [−

𝑟2

𝜌2
] 𝑒𝑥𝑝(−𝑖𝑘𝜃𝑟𝑐𝑜𝑠𝜙) (2) 

Here ρ is the Gaussian beam radius at the waist and θ is the angle of the incident 

Gaussian beam relative to the optical fiber axis. Any guided field distribution in the 

multimode fiber can be considered as a superposition of all guided modes. So that 

the light field traveling along the fiber can be written as the sum of the lights coupled 

to linear polarization modes: 

 

 
𝐸𝑖𝑛(𝑟, 𝜙) =∑∑𝛼𝑚𝑛𝐿𝑃𝑚𝑛(𝑟, 𝜙)

𝑛𝑚

 
(3) 

Here αmn is the mode field amplitude,  LPmn is any linearly polarized mode and the 

pair m-n represent to indices of the LPmn mode. Any LPmn filed is calculated with 

two separate functions, inside and outside the area surrounded by the fiber core 

radius. At the entrance of the fiber corresponding to the z=0 position, these fields 

can be calculated with the following equations using Bessel functions 

 

 𝐿𝑃𝑚𝑛(𝑟, 𝜙) =

{
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 (4) 

 

Here A is a constant, 𝑎 is the core radius, 𝐽𝑚 and 𝐾𝑚 are the Bessel and modified 

Bessel functions, U  and W  are normalized transfer propagation constants for 𝑟 ≤
 𝑎 and 𝑟 ≥  𝑎, respectively. The relationships among U, W and normalized 

frequency V are defined by the equations given below. 
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 (5) 

 

By solving the above equations numerically, we can obtain the intensity or power 

distribution of each mode. The speckle patterns in optical fibers result from the 

interference of optical modes that have traveled different paths within the fiber, 

leading to a random pattern of bright and dark spots as seen in Fig. 1(b). By summing 
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all the modes guided by the multimode fiber, we can easily calculate numerically the 

speckle pattern at the incident end of the fiber. The figure 2 shows the patterns of 

several lower order modes, including the fundamental mode, and the speckle pattern 

formed by these modes. 

 

 
Figure 2. Formation of speckle pattern from fiber LP modes. 

 
3. Design and Implementation 

 

The simplest way to measure the response of an optical fiber to bending is to rotate 

it at diameter R. Optical fibers can be rotated in loop form up to a few cm in diameter 

without breaking or permanent deformation, as seen in Figure 3. As the loop radius 

decreases, a portion of the light escapes from the core to the cladding and is lost, 

resulting in a decrease in optical power at the fiber output. Although sensors based 

on the measurement of optical power change at the fiber output are quite practical 

compared to those using the interferometer principle, they are sensitive to noise and 

have low resolution due to power oscillations of the light source. Therefore we 

focused on the change of speckle pattern, not the change of optical power at the fiber 

output.  

 

 

 

 

 

 

 

 
Figure 3. Design of fiber bending sensor for a full loop. 

 

In this study, the optical fiber was rotated in the form of a ring with diameter R 

and the speckle pattern changes at the fiber end were obtained by using beam 

propagation method (BPM). This method is very useful for calculating the 

propagation of light in slowly changing waveguides. However, since the optical field 
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is calculated with the forward propagation algorithm, the backpropagation of light 

in waveguides such as ring fiber cannot be calculated. Therefore, we divided a fiber 

ring into equal arcs of 45 degrees as in Figure 4(a) and we obtained the speckle 

patterns by simulating in the forward propagation direction of the sensor, which has 

a form similar to an S-bend. In the simulation studies, we preferred to use a multi-

mode fiber with core and cladding diameters of 105/125 um and NA = 0.22. The 

number of linear modes guided in this fiber is approximately 6000. To obtain the 

speckle pattern image, simulations must be performed in 3D propagation space. We 

have experienced that the simulation time for any value of the loop diameter took 

longer than a week on an ordinary computer. Therefore, by forming the fiber sensor 

with 6 equal arcs of 10 degrees as shown in Figure 4(b), we reduced the 3D 

propagation area and completed all simulation studies in a limited time. 
 

(a) 

 

(b) 

 

Figure 4. Design of S-bending like fiber sensor for simulation implementation in forward 

propagation a) sensor part whose bending consists of 8 arcs of 45 degrees b) sensor part 

whose bending consists of 6 arcs of 10 degrees. 
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In this study, we examined the effect of 60 degree S bending instead of full loop 

fiber. Of course, bending the fiber 60 degrees around a fixed radius may produce less 

changes in the speckle pattern than full bending. However, we have shown that bends 

as small as 60 degrees around different diameters can be detected by fiber speckle 

pattern imaging. We simulated bends created around different diameters in the range 

of 1-6 cm and recorded speckle pattern images at the fiber exit. Since approximately 

4 cm of straight fiber part is added after bending, the total fiber length increases to 

35.306 cm. The complex optical field propagating along the fiber was calculated in 

a 3D wafer using the BPM method.  

Due to the S structure, the wafer resembles a rectangular prism. Wafer 

dimensions are adapted to the bending diameter. For a bending diameter of 6 cm, the 

X-Y cross-sectional area of the wafer is a rectangular plane with dimensions of 

1100x126 micrometers as shown in Figure 5(a). Instead of the entire image on the 

wafer x-y plane, the process was continued with only the part containing the speckle 

pattern image by cropping and circular masking as shown in Figure 5(b). In addition, 

image enhancement operations such as background illumination correction and 

contrast enhancement were performed to achieve uniform illumination and image 

sharpness. Finally, we quantified how the similarity between consecutive images 

deteriorated as the bending radius changed by calculating the image correlation. 

The cross correlation is a common method to quantify image similarity between 

two images [26]. As the similarity between images decreases, the correlation 

coefficient decreases from 1 to 0. Speckle pattern images contain many small-sized 

speckles. Calculating the average correlation coefficient by segmenting the image 

instead of the entire image gives better correlation for such images. As seen in Figure 

5, the correlation between A and B images whose rows and columns are divided into 

M and N segments can be calculated as follows [27]: 

 

𝐶𝑖,𝑗 =
∑(𝐴𝑖,𝑗 − �̅�)(𝐵𝑖,𝑗 − �̅�)

√∑(𝐴𝑖,𝑗 − �̅�)
2
(𝐵𝑖,𝑗 − �̅�)

2
 

𝐶 =
∑𝐶𝑖,𝑗

𝑀𝑥𝑁
 

 

In the next section, we showed that fiber bending can be detected by performing 

image correlation analysis by applying basic image processing functions. 
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Figure 5. (a) 3D view of the wafer, (b) image processing steps. 
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4. Result and Discussion 
 

We started the simulations with fiber bending with a diameter of 6 cm. The first 

image recorded at the fiber exit with a bending diameter of 6 cm was labeled as the 

reference image after applying the image processing steps. Then the bending 

diameter was increased by 2 μm in each new simulation and the last simulation was 

performed for a bending diameter of 6.0084 cm. Thus, 43 speckle pattern images 

were obtained. As the bending diameter changes, the sequential speckle pattern 

images obtained are very similar to each other. It is very difficult to notice the change 

when followed with the human eye. However, by performing correlation calculation 

on the segmented image as shown in Figure 5, the change from image to image is 

clearly visible. Figure 6 shows the variation of the correlation coefficient with a 2 

μm diameter increase (ΔR) at each step around the 6 cm bending diameter of the 

fiber. In the correlation coefficient, the C(0) value is equal to 1 and this corresponds 

to the reference image (ΔR=0). After approximately the 40th image, the correlation 

drops below 0.1. This means that there is very little similarity between the two 

images. 

  
Figure 6. The variation of the correlation coefficient versus micrometer changes in bending 

diameter. 
 

It is clearly seen in Figure 6 that diameter changes at 6 cm fiber bending gradually 

deteriorate the correlation. This can be explained by the fact that changes in bending 
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diameter affect the modes propagating along the fiber. However, it is quite 

remarkable that very small diameter changes such as 2 μm create measurable 

changes in the speckle pattern images. This result shows that very small changes in 

bending diameter can be measured by observing the fiber speckle pattern. 

Although the field distributions of all guided modes in a straight fiber can be 

calculated theoretically, this situation is quite complicated in a bent fiber. Fiber 

curvature and bend-induced variations in the refractive index both tend to distort the 

mode field distributions [28]. Therefore, we can predict that as the bending diameter 

of the fiber decreases, there will be more severe distortions in the speckle pattern 

image. To verify this, we also tested our sensor for values of the bending diameter 

in the range of 1-6 cm, respectively. The distortion of correlation in the speckle 

pattern images was analyzed by changing the bending diameter in small steps of 2 

μm, as in the experiment with bending diameter of 6 cm for this range. Figure 7 

shows the variation of the correlation coefficient at different bending diameters. 

 

 

Figure 7. The variation of the correlation coefficient for different bending diameter. 

 

It is clearly seen in Figure 7 that as the bending diameter decreases, micro-

changes in diameter cause more severe correlation deterioration. The bending sensor 

with a diameter of 1 cm responds most sensitively to changes in diameter. We can 

simply define sensor sensitivity by |𝛥𝐶/𝛥𝑅|. Here, ΔC and ΔR are the change 

amounts in correlation and bending diameter, compared to the reference speckle 

pattern image (C = 1). If the diameter of the 6 cm bending sensor changes by 30 μm, 

the correlation coefficient drops to 0.5969 and thus its sensitivity is about 0.0013 
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μm-1. On the other hand, for the bending sensor with a diameter of 1cm, the 

correlation coefficient drops to 0.1152, so its sensitivity is obtained as 0.0295 μm-1. 

As a result, the small diameter bending sensor shows more severe correlation 

changes, which can be used to increase sensor sensitivity. 

 
5. Conclusions 

 

In this paper, a fiber bending sensor is proposed based on the correlation distortion 

in speckle pattern images. The bending sensor designed using a multimode fiber 

curved 60 degrees in a form similar to the S structure. The sensitivity of the sensor 

with different curvature diameters in the range of 1-6 cm was tested. The sensitivity 

was found to be 0.0013 μm-1 at 6 cm bending diameter and 0.0295 μm-1 at 1 cm 

bending diameter. It has been shown that the sensitivity increases as the bending 

diameter decreases. Our sensor can detect changes in the bending diameter at the μm 

level. We have demonstrated detection with only 60 degrees of S-structure bending. 

If the sensor structure is designed in the form of a loop, detection will be even more 

sensitive. On the other hand, the detection process is quite different from the methods 

applied in traditional fiber sensors. The detection principle of the proposed sensor is 

based on the processing of images with fiber speckle patterns, which offers a 

significant advantage for characterizing the sensor. Moreover, the sensor can be 

trained with deep learning algorithms and perform accurate measurements. 
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