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ABSTRACT 
 

This paper presents the results of a demonstration experiment in which 
helical multi-core optical fiber shape sensing was applied to detect the buckling 
deformation of a columnar structure, one of the most basic structures, while 
preventing fiber breakage. The experimental results show that the buckling 
deformation of a rod can be detected even when only a part of the fiber is 
fixed to the measurement target, suggesting its applicability to structural health 
monitoring of columnar structures. 

 
 

INTRODUCTION 

In the maintenance and operation of infrastructures, periodic nondestructive 
inspections have been conventionally performed. However, structural health 
monitoring has been proved a potential tool to improve safety and economy, by 
using sensors to constantly monitor the condition of structures. While visual 
inspection can be done for unstable and large out-of-plane deformation behaviors 
such as buckling, structural health monitoring based on shape monitoring 
methods is useful for environments where the conventional inspection is difficult 
to do, such as underwater or inside solid structures. 

The recent development of optical fiber sensing technology that can measure 
strain over a wide area has made it possible to monitor deformation of structures 
in service, which has been difficult to measure with conventional sensors [1]. One 
such technologies, optical frequency domain reflectometry (OFDR), uses 
interference signals generated by continuously changing the wavelength of laser 
light from a tunable laser source into an optical fiber, to enable distributed strain 
measurement with a high spatial resolution [2]. OFDR-based sensor systems 
conventionally measure the strain along a single optical fiber, which is 
insufficient to provide accurate information of shape changes of the structure. 
Accordingly, some solutions have been developed to obtain the additional 
information needed to achieve shape sensing, such as the use of 
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Figure 1. A schematic diagram of an MCF. 

 

 

multi-core fibers (MCFs). MCFs are a type of optical fiber, initially designed for 

telecommunication applications, that have multiple cores arranged in the cladding. 

A schematic diagram of an MCF is shown in Fig. 1, showing a helical longitudinal 

configuration of the cores. Each core shows a linear relationship between the 

deformation and the strain measured, making them suitable for shape sensing and 

many studies have been conducted in this regard [1]. Shape sensing using multi-

core optical fibers can measure the strain distribution generated in the core by 

capturing changes in the reflected signal from the light incident on the fiber, and 

can identify the three-dimensional shape of the entire fiber by geometrically 

calculating curve parameters from the strain of multiple cores in the fiber. Duncan 

et al. [3] performed 2D and 3D shape sensing by forming fiber Bragg gratings 

(FBGs) in a 3-core MCF and measuring the strain distribution using OFDR. An 

FBG is a periodic modulation of the refractive index formed in a core of an optical 

fiber, and by observing the shift in the Bragg wavelength of the reflected light, 

the strain and temperature applied to the FBG can be measured. Lally et al. [4] 

developed a multicore fiber with four cores arranged in a longitudinal helical 

configuration to solve the problem of the inability to identify the bending 

direction due to the twisting of the MCF, and identified right-angle bending 

shapes with high accuracy for a total length of 30 𝑚 by using OFDR. Westbrook 

et al. [5] also formed FBGs in MCFs of similar helical arrangement cores along 

its length and performed shape sensing also for spiral shapes.  

By aligning the MCF with the object to be measured, it is expected to be 

possible to monitor the shape of the fiber even for nonlinear deformations such as 

postbuckling behavior. Tan et al. [6] attached single-mode fibers to both sides of 

a thin plate and used OFDR to measure and reconstruct the buckling deformation. 

However, if the optical fiber is bonded directly to the measurement target, it may 

break during large out-of-plane deformation such as buckling, limiting the 

application of the setup in real environments.  

This paper presents an experimental demonstration to detect the buckling 

deformation of a columnar structure, one of the most basic structures, using a 

multicore optical fiber while preventing its breakage. 
 

 

3D SHAPE SENSING 

 

Maeda [7] and Kobayashi [8] formulated the relationship between the 

measured strain and the deformation, including torsion, of a four-core multicore 

fiber and designed a shape-identification algorithm. A cross section of an MCF 

and Frenet-Serret frame used for the shape sensing are shown in Figure 2. The 

process for shape-identification of a helical MCF with a central core and three  



 
 

(a) A cross section of the MCF. (b) Frenet-Serret frames at the arc length s. 

Figure 2. A cross section of an MCF and Frenet-Serret frame [7]. 

 

 

equally-spaced outer cores on the same circumference can be described with the 

following set of equations. 

The true strain in the arc length s of core 𝑖 ∈ {0, 1, 2, 3} in a certain geometry 

of a helix MCF is denoted by 𝜀𝑖. Core 𝑖 = 0 is the central core and the others are 

the outer cores. The proportionality constants 𝑘1,𝑖  and 𝑘2,𝑖  for the angle 

between core 𝑖 and the reference axis are defined respectively as follows: 

 

𝑘1,𝑖 =
1 − 𝑣(2𝜋𝑝𝑖𝑟𝑖)

2

(2𝜋𝑝𝑖𝑟𝑖)2 + 1
, (1) 

𝑘2,𝑖 =
2𝜋𝑝𝑖𝑟𝑖

(2𝜋𝑝𝑖𝑟𝑖)2 + 1
, (2) 

 

where 𝑟𝑖 is the distance of core 𝑖 from the center of the MCF, 𝑝𝑖 is the spin 

rate of core 𝑖, and 𝑣 is the Poisson's ratio of the MCF. The specific twist angle 

𝜙 is obtained by 

 

𝜙 = ∑  

3

𝑖=1

𝜀𝑖 − 𝑘1,𝑖𝜀0

𝑘2,𝑖𝑟𝑖
. (3) 

 

The bending strain 𝜀𝑖
bnd is given by 

 

𝜀𝑖
bnd = 𝜀𝑖 − 𝑘1,𝑖𝜀0 − 𝑘2,𝑖𝑟𝑖𝜙. (4) 

 

The curvature 𝜅, the bending angle 𝛽 and the torsion rate 𝜏 can be derived 

from the following simultaneous equations with 𝜅 cos 𝛽  and 𝜅 sin 𝛽  as 

unknowns: 

 

𝜺bnd = 𝑨𝟏𝒙, (5) 

  

𝜺bnd = [𝜀1
bnd   𝜀2

bnd   𝜀3
bnd ]

T
, (6) 

 

𝑨𝟏 = [

−𝑘1,1𝑟1 cos 𝜔1 −𝑘1,1𝑟1 sin 𝜔1

−𝑘1,2𝑟2 cos 𝜔2 −𝑘1,2𝑟2 sin 𝜔2

−𝑘1,3𝑟3 cos 𝜔𝑛 −𝑘1,3𝑟3 sin 𝜔3

] , (7) 

 



𝒙 = [𝜅 cos 𝛽 𝜅 sin 𝛽]T. (8) 

 

These are solved by employing the generalized inverse: 

 

𝒙 = (𝑨𝟏
T𝑨𝟏)

−1
𝑨𝟏

T𝜺bnd . (9) 

 

From the above, the curvature 𝜅 and the torsion rate 𝜏 are obtained as follows: 

 

𝜅 =∥ 𝒙 ∥, (10) 

 
 𝛽 = Arg(𝑥1 + 𝑥2𝑖), (11) 

 

𝜏 =
𝑑𝛽

𝑑𝑠
, (12) 

 

where 𝛽  is the principal value of the argument of 𝐱  when considered as a 

complex number and is 0 when 𝑥1 = 𝑥2 = 0, and the range is (−𝜋, 𝜋]. 
From the Frenet-Serret formula, a linear relationship is established between 

the Frenet-Serret frame of a curve and its derivative: 

 
𝑑𝒗

𝑑𝑠
= 𝑨𝟐𝒗, (13) 

 
𝒗 = [𝒕 𝒃 𝒏]T, (14) 

 

𝑨𝟐 = [
0 𝜅 0

−𝜅 0 𝜏
0 −𝜏 0

] , (15) 

 

where 𝒕  is the tangential unit vector, 𝒏 is the unit vector of variation of 𝒕 

with respect to arc length, and 𝒃 is the outer product of 𝒕 and 𝒏. Assuming that 

the curvature 𝜅 and the torsional rate 𝜏 are constant in a section with respect to 

the arc length, the Frenet-Serre formula is discretized as 

 

𝒗(𝑠 + Δ𝑠) = exp(𝑨𝟐Δ𝑠) 𝒗(𝑠). (16) 

 

The discretization formula of Frenet-Serret is extended to be a recurrence relation. 

To obtain the position vector 𝒑, the tangent vector 𝒕 should be integrated by the 

arc length, and the shape is obtained from the end for which the boundary 

conditions are clear to the opposite end by the recurrence relation. 

 

 

MATERIALS AND METHODS 

 

A demonstration experiment of shape sensing of buckling using a helical MCF 

was conducted using a column structure. The experimental configuration is 

shown in Figure 3, the buckling apparatus in Figure 4, and the specimen 

specifications in Figure 5. To prevent the MCF from breaking when buckling, a 

self-lubricating polytetrafluoroethylene (PTFE) tube was attached to the 

specimen, through which the MCF was passed and only partially fixed to the rod. 

A solid aluminum alloy (A6063) rod, 900 mm long and 5 mm in diameter, was  



 
 

Figure 3. The experimental setup. 
 

  
(a) The configuration of the apparatus. (b) Appearance in buckling. 

 

Figure 4. The buckling apparatus. 

 

 

 

(a) Side view. (b) Overhead view. 

 

Figure 5. The specification of the test specimen. 



used as the specimen, with a PTFE tube 800 mm long, 2 mm outer diameter, and 

1 mm inner diameter attached to the center along the longitudinal axis. The tube 

was attached to the rod with 5 mm wide polyimide tape at nine equally spaced 

locations, including at both ends. The MCF was passed through the tube and 5 

mm of the MCF was fixed to the rod with polyimide tape from 5 mm above the 

top of the tube to serve as a reference for the direction of deformation during 3D 

shape sensing. The direction of buckling was controlled by attaching universal 

joints to both ends of the specimen so that the direction of rotation could be set as 

desired. A vertical downward load was applied to the specimen from the top of 

the frame via a linear shaft through a linear bush. The load was increased until 

buckling was achieved by gradually adding lead balls with a diameter of 2 mm to 

a container placed on a stand connected to the linear shaft.  

Before and after buckling, the strain distributions in the center core of the fiber 

and in the three cores located 120 degrees apart on the outside were measured by 

an OFDR. The MCF used was a helical MCF with a central core and seven 

external cores, with a total length of 10 m, a helix pitch of 20 mm, a distance 

between the center and outside cores of 35 μm, and uniform grating with a center 

wavelength of 1550 nm. The OFDR interferometer used was a LAOFDR1500C1  

manufactured by LAZOC, which can measure with a spatial resolution of 0.6 mm. 

Since this OFDR  measurement system can measure only one channel at a time, 

each core was switched and measured in turn using Anritsu's MN9662A Optical 

Channel Selector. The tunable laser source was a TLB-6600 manufactured by 

Newport, and the incident light was swept at 100 nm/s from 1545 nm to 1555 nm. 

The specimen was buckled by setting the angle clockwise from above with the 

buckling direction of the specimen as 0° and changing the fixing angle of the 

specimen so that the surface to which the tube is attached is 0°, 90°, 180°, and 

270°, respectively. The signals observed by the interferometric system were 

processed by STFT to obtain the wavelength shifts before and after buckling 

deformation at each position, which were converted to strain distributions. The 

curve parameters of the MCF were calculated from the strain distributions of the 

four cores measured, and the shape was estimated starting from the area fixed to 

the rod. 

 

 

RESULTS 

 

The measured strains when the specimens were buckled under each condition 

are shown in Fig. 5. The center core of the MCF is defined as core-0, and the three 

of the six outer cores located 120 degrees apart on the outside are defined as core-

1, core-2, and core-3. In all conditions, strains of ±30 με were observed, but when 

the specimen was buckled in the 180-degree direction, periodic fluctuations in 

amplitude were observed. This may be due to the undulation of the tube caused 

by taping the tubes to the specimen at equal intervals. Fig. 6 shows the results of 

estimating the shape of the MCF by calculating the curve parameters from the 

measured strain. Note that the shape reconstruction results start in the middle of 

the specimen deformation because the MCF is aligned to the middle of the 

specimen. The results reflect each deformation according to the relative positions 

of the MCF, and it can be said that the buckling was detected. 

 

 



  
(a) 0° (b) 90° 

  
(c) 180° (d) 270° 

 

Figure 6. Measured strain distributions. 

 

 

 
 

(a) 3D plot (b) Plot in x - y plane 

  
(c) Plot in x - z plane (d) Plot in y - z plane 

 

Figure 7. Results of shape estimation. 



CONCLUSIONS 

 

In this study, strain distributions of a helical MCF partially fixed to a columnar 

object were measured by OFDR to demonstrate shape sensing during buckling 

deformation. The experimental results suggest that the shape and direction of 

buckling can be detected by this method. Although the applicability of this 

method was demonstrated, it is expected that its accuracy will be evaluated in the 

future. 
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