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Abstract 
Distributed fiber optic sensors, which can return a value of strain as a function of the linear 
position along an optical fiber, are able to provide highly-dense information on strain 
distributions in a structure. The measured strain distributions can be used to identify 
global/local deformation, applied loads, or some kind of existing damages in implementation 
of structural health monitoring (SHM). We have developed distributed sensing system based 
on optical frequency domain reflectometry (OFDR) which can measure strain along fiber 
Bragg grating (FBG) with the high spatial resolution. Recently, the improvements of the 
components in the sensing system, such as tunable laser source and analog-digital converter, 
enable us to implement dynamic strain measurements. In this study, we investigate the 
performance of our distributed sensing system in dynamic strain measurements. 
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1. INTRODUCTION 

Highly-dense information on strain distributions in a structure can be useful to identify 

global/local deformation, applied loads, or some kind of existing damages in implementation 

of structural health monitoring (SHM) [1]. Fortunately, strain is an elemental measurand for 

typical distributed fiber optic sensors as well as temperature. Distributed fiber optic sensors 

return a value of the measurand as a function of the linear position along an optical fiber, as 

they are having useful characteristics of optical fiber sensors for SHM, such as immunity of 

electromagnetic interference, durability and capability to be embedded into composite 

materials [2]. Among the distributed fiber optic sensors, various distributed sensing 

techniques based on Brillouin scattering and Rayleigh scattering have been proposed for 

strain measurement [3, 4]. Fiber Bragg grating (FBG) sensors with advanced interrogation 

systems can be also applied to distributed sensing as well as quasi-distributed one [5-10].  

In general, distributed fiber optic sensors based on Brillouin scattering are used for static 

measurements. Dynamic measurement is more challenging to achieve, as it requires wide 

frequency range scanning and large scale averaging to improve weak signals [11]. However, 

recent progress in the distributed sensing technique based on optical frequency domain 

reflectometry (OFDR) enables us to implement dynamic measurements of strain distribution 

with a high spatial resolution. With Rayleigh scattering based OFDR sensors, a vibration 

frequency of 30 Hz has been demonstrated with 10 cm spatial resolution [12]. Ning et al. 
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carried out dynamic strain distribution measurements with the sampling rate of 5 Hz along a 

long-length FBG which was embedded into the adhesive/adherend interface of an adhesive-

bonded single-lap joint [13]. By analyzing the strain distributions measured by a sensing 

system based on OFDR, they could identify the crack length with the resolution of less than 1 

mm. Wada et al. demonstrated the dynamic identification of the bending deformation of glass 

fiber reinforced plastics (GFRP) by using strain distributions measured with the measurement 

rate of more than 800 S/s and the spatial resolution of less than 1 mm [14]. They embedded 

the FBG-based sensing fiber with a continuous sensing range of more than 400 mm into 

GFRP.  

There is no doubt that the distributed sensing technique with a high spatial resolution and a 

short measurement time enhances the applicability of distributed fiber optic sensors to SHM, 

since it enables us to identify the vibration modes of a structure and to use vibration-based 

damage identification methods [15]. Therefore, it is important to establish a way how to 

characterize and specify the performance in dynamic strain measurements of distributed fiber 

optic sensors. Probably, the unique characteristics of distributed fiber optic sensors don’t 

allow us to use a standard way established for other conventional sensors, but require a newly 

development of unique standardization on the evaluation method for distributed fiber optic 

sensors. 

We are aiming to establish the way how to specify the essential performance parameters in 

dynamic strain measurements of distributed fiber optic sensors. In this paper, a simple 

method to specify mainly the frequency response in tests is proposed. In the test, the cyclic 

load was applied to the metal specimen by a fatigue test machine and Bragg wavelength 

distributions were measured along a long-length FBG which was bonded on the specimen.  

2. DISTRIBUTED FIBER OPTIC SENSOR FOR DYNAMIC STRAIN 
MEASUREMENTS 

In order to achieve distributed strain sensing with the high spatial resolution, the sensing 

system based on OFDR have been developed. A typical system of the sensing system 

consists of a tunable laser source (TLS), photo detectors (PD), broadband reflectors (R), 3-dB 

couplers (C), a long-length FBG whose typical length is about 100 mm, and a computer (PC) 

with a high-speed analog to digital (A/D) converter (DAQ). The schematic of the sensing 

system is shown in Fig. 1. The laser source inserts the coherent light and sweeps its 

wavelength. The lights split at C1 and propagate into two interferometers. Interferometer 1 

generates an external clock of DAQ to acquire a signal of Interferometer 2 with a constant 

wavenumber interval. The signal of Interferometer 1, D1, is expressed as 

1 eff
cos(2 )RD n L k  (1)

where neff is the effective refractive index of the optical fiber core, LR is the distance between 

R1 and R2, and k is the wavenumber expressed as k = 2/. By triggering D1 at a constant 

value, we obtain the constant sampling interval given by 

eff R

k
n L

   (2)

The signal of Interferometer 2, D2, which includes the information about the FBGs, is 

detected at PD 2 and sampled with the constant interval k at DAQ. An approximated 

description of D2 is often preferred for the purpose of the conceptual introduction, which is 
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2 eff
( )cos(2 )i i

i

D R k n L k  (3)

where Li is the distance between R3 and the ith section of the FBG, and Ri is the Bragg 

spectrum of the ith section of the FBG. This indicates that Bragg spectra at each reflected 

location have the individual accompanying waves whose frequency corresponds to the 

distance between R3 and the reflected location. This approximated expression is valid when 

the reflectivity of the FBGs is low [16]. We can know the strain profile along the FBGs by 

applying the signal processing based on the short-time Fourier transform (STFT) to D2 and 

observe a Bragg spectral distribution on the spectrogram obtained by STFT. 

In this study, we used the same sensing system as that of Ref. [14]. The sensing system 

achieved the strain measurement rate of more than 800 S/s with the spatial resolution of less 

than 1 mm and the measurement distance range of about 1 m. This extremely fast 

measurement rate is owing to mainly the tunable laser source with the sweep rate of 1.2 kHz 

(Anritsu) and the A/D converter with the sampling clock of 500 MHz (AVAL DATA).  

 

 
Figure 1: Schematic of sensing system. 

3. DYNAMIC STRAIN MEASUREMETNS 

In this paper, we bonded a long-length FBG on a metal specimen and the cyclic load was 

applied to the specimen by a fatigue test machine. Bragg wavelength distributions were 

measured along the long-length FBG by using OFDR. In order to investigate the frequency 

response of the sensing system, the frequency of cyclic loads was changed from 1 Hz to 100 

Hz. 

3.1 Specimen 

Figure 2 shows the tensile specimen made of phosphor bronze with sensors. The long-length 

FBG which has the gauge length of about 100 mm and three strain gauges were boned as 

shown in Fig. 2. A strain gauge was bonded on the opposite side of the strain gauge B. 

Unfortunately, the strain gauge B was broken before the measurement test. 
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Figure 2: Specimen with the long-length FBG and strain gauges. 

3.2 Measurement test 

The specimen was subjected to the cyclic tensile load. The frequencies of the cyclic load 

were 1, 2, 3, 4, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 Hz. Figure 3 shows the time variation 

of the Bragg wavelength distribution along FBG at 1 Hz and 10 Hz. In this study, the spatial 

resolution was about 1 mm. We can see that the Bragg wavelength at each position was 

varying with the cyclic load.  

(a) 1 Hz (b) 10 Hz 

Figure 3: Time variations of the Bragg wavelength distribution along FBG. 

Figure 4 shows the time variations of the Bragg wavelength at Point A, Point B and Point C 

in the cyclic loads of 1 Hz and 10 Hz, respectively. In Fig. 4 (a) and (d), the Bragg 

wavelength shift at Point A was normalized by the strain gauge A and it is shown as the solid 

line, while the normalized strain gauge output is shown as the dotted line. In Fig. 4 (b) and 

(e), the Bragg wavelength shift at Point B was normalized by the strain gauge D. In Fig. 4 (c) 

and (f), the Bragg wavelength shift at Point C was normalized by the strain gauge C.  

Figure 5 shows the correlation between FBG and the strain gauge at Point A (blue), Point B 

(red) and Point C (green). The figure shows the excellent linearity between FBG and the 

strain gauge at 1 Hz and 10 Hz, respectively. Figures 6 and 7 show the slopes and the R-

squared values of the relationship between the strain value of strain gauge and the Bragg 

wavelength at the various frequencies. Although the slope, namely the sensitivity, was varied 

around 50 Hz, it was almost constant. The R-squared value was decreased gradually as the 

frequency of the cyclic load was increased. The sensing system sometimes failed to acquire 

data because of the lack of the writing speed. It is supposed that this influenced the frequency 

response of the sensing system critically. 

4. CONCLUSIONS 

Dynamic measurement with distributed fiber optic sensors would provide significant benefit 
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to the field of SHM. The uniqueness of the distributed sensors, however, gives us the 

difficulty to ensure the intrinsic performance in the dynamic measurement. Basically, the 

same performance, such as sensitivity, accuracy or special resolution, should be ensured 

along the sensing fiber. In this study, we bonded the sensing fiber on the tensile specimen and 

applied the cyclic load to it. The sensitivity along the sensing fiber was investigated at the 

various frequencies to evaluate the frequency response of the sensing system. In future work, 

it is expected that a way to evaluate the holistic performance of distributed sensors for the 

dynamic measurement will be established. 

(a) 1 Hz, Point A (y = 30 mm) (d) 1 Hz, Point A (y = 30 mm) 

(b) 1 Hz, Point B (y = 50 mm) (e) 1 Hz, Point B (y = 50 mm) 

(c) 1 Hz, Point C (y = 70 mm) (f) 1 Hz, Point C (y = 70 mm) 

Figure 4: Time variations of the Bragg wavelength normalizend by the strain gauge output. 

 

(a) 1 Hz (b) 10 Hz 

Figure 5: Correlation between the strain value of strain gauge and the Bragg wavelength. 
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Figure 6: Slope vs frequency. Figure 7: R-squared value vs frequency. 
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