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Fiber-Optic Strain Sensor with a Millimeter Class High 
Spatial Resolution 

Hirotaka Igawa,1 Hideaki Murayama,2 Yuichi Machijima,3 Koji Omichi,4 Yoshihiro Terada,4 
and Shunichiro Hirafune5

Strain measurements of the 6 m scale composite wing structure were demonstrated by means 
of optical frequency domain reflectometry (OFDR) using fiber Bragg grating (FBG) sensors. 
Local strain distribution in the wing was successfully measured with a high spatial resolution 
of 0.6 mm along the 500 mm length FBG sensor. Overall deformation of the wing was also 
measured over a 4 m span using the 42-point multiplexed FBG sensor. As the validity of these 
measured strains was confirmed, the success of the strain measurement technique was verified.

1. Introduction
Strain measurement using fiber-optic sensors at-

tracts the attention of researchers studying structural 
health monitoring (SHM) techniques because it can 
effectively obtain useful information on the structural 
integrity all over a structure 1). In this SHM technique, 
fiber-optic strain sensors can provide the information 
on harmful deformation or stress concentration due to 
a damage or an unexpected large load. In order to as-
sess the structural integrity properly according to the 
strain obtained from the sensors, it is important for the 
measurement system to detect a slight anomaly in the 
distributions 2). Therefore, both a sufficient sensitivity 
and a high spatial resolution are required simultane-
ously in the measurement system. In order to meet 
the requirement, we have developed the strain mea-
surement system based on optical frequency domain 
reflectometry (OFDR) using fiber Bragg grating 
(FBG) sensors 3)-5). The measurement system is one of 
the most promising techniques because it can achieve 
the high strain measurement accuracy of ±5 me (1 me = 
10-4 %) and the high spatial resolution of less than 1 
mm 6). These features enable us to detect strain distri-
bution of local position in a structure along a long-
length FBG sensor. In addition, the measurement sys-
tem can also obtain overall deformation of the structure 
along a multiplexed FBG sensor simultaneously.

In this paper, we demonstrated strain measure-
ments of the 6 m scale composite wing structure using 
maximum 500 mm length FBG sensors and maximum 
42-point multiplexed FBG sensors. We succeeded in 

measuring local strain distribution in the wing with a 
high spatial resolution and overall deformation of the 
wing from the long-length FBG sensors and the multi-
plexed FBG sensors, respectively.

2. OFDR strain measurement system
Figure 1 shows the schematic diagram of the OFDR 

strain measurement system. The measurement sys-
tem consists of an OFDR strain analyzer, which in-
cludes a wavelength tunable laser, an OFDR optical 
circuit and a data acquisition system controller, and 
FBG sensors. For the strain measurement, only FBG 
sensors are installed on a measurement structure, the 
OFDR strain analyzer is set up on a distant location.

In the measurement system, a wavelength-swept 
light from the tunable laser is launched into an in-fiber 
interferometer, which consists of OFDR optical circuit 
and FBG sensors. The interference signal between a 
reference light from OFDR optical circuit and Bragg 
reflection lights from FBG sensors was acquired by 
the system controller. Based on the interference sig-
nal, we can obtain a spectrogram that indicates the po-
sition and Bragg reflection wavelength of the sensors 
by means of short-time Fourier transform (STFT) 
analysis 3)-5). Figure 2(a) shows measured spectrogram 
of the 500 mm length FBG sensor. In the spectrogram, 
horizontal axis shows wavelength, vertical axis shows 
relative measured position and color tone shows re-
flection intensity. Bragg reflection pattern correspond-
ing to the 500 mm sensor length is measured at 1549.4 
nm. From the spectrogram, we can obtain the distrib-
uted Bragg wavelength along the FBG sensor as 
shown in Fig. 2(b) and determine the strain distribu-
tion from Bragg wavelength shift when a load was ap-
plied to the structure. Figure 3(a) and 3(b) show mea-
sured spectrogram and Bragg wavelengths for each 
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grating of the 42-point multiplexed FBG sensor, re-
spectively. It was confirmed that the almost same 
Bragg wavelength gratings are multiplexed with an 
100 mm spacing along the fiber. Therefore, overall de-
formation of the structure can be measured over a 4 m 
span by using the multiplexed FBG sensor.

3. Demonstration of strain measurement
The strain measurements were demonstrated for 

the 6 m scale composite wing structure designed by 
Japan Aerospace Exploration Agency (JAXA) 7). The 
wing structure consists of the lower and upper skins 
made of carbon fiber reinforced plastics (CFRP) using 
a vacuum-assisted resin transfer molding (VaRTM) 
process, as shown in Fig. 4.

Total 20 sensors (260 gratings) were installed on 
both the upper and lower skins of the wing structure. 
The maximum 500 mm length FBG sensors were 
bonded on stress concentration zones or discontinu-
ous stiffness positions in the wing to measure strain 
distributions of these positions. The maximum 42-point 
multiplexed FBG sensors were also bonded along a 
longitudinal direction of the wing in order to measure 
its overall deformation.

The strain measurements were demonstrated by ap-
plying the controlled load at the wing tip using the load 
test equipment as shown in Fig. 5. The strain data were 
acquired when the load was stabilized at 20%, 40%, 60% 
and 80% of the design limit load.

Fig. 1. Schematic diagram of the OFDR strain measurement system.
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Fig. 2. The measured spectrogram and Bragg wavelength distribution of the 500 mm length FBG sensor.
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Panel 1. Abbreviations, Acronyms, and Terms.

OFDR–Optical Frequency Domain Reflectometry
FBG–Fiber Bragg Grating
SHM–Structural Health Monitoring
STFT–Short-Time Fourier Transform
CFRP–Carbon Fiber Reinforced Plastics

VaRTM–Vacuum assisted Resin Transfer Molding
BOTDR– Brillouin Optical Time Domain Reflectom-

etry
BOCDA– Brillouin Optical Correlation Domain 

Analysis
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4. Results of strain measurement
In this section, the strain measurement results of 

typical three FBG sensors are shown. The configura-

tion of these FBG sensors is shown in Fig. 6.
Figure 7 shows the measured strain of the 300 mm 

length FBG sensor. The FBG sensor was bonded 

Fig. 3. The measured spectrogram and Bragg wavelengths for each sensor of the 42-point multiplexed FBG sensor.

Fig. 4. The 6 m scale composite wing structure.

Fig. 5. The load test of the composite wing structure.
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along the two stringers and the rib as shown in the in-
set of Fig. 6. The tensile strain occurring at longitudi-
nal direction of the wing and the compression strain 
occurring at vertical direction were measured continu-
ously along the FBG sensor. In addition, Poisson’s ra-
tio between the tensile strain and the compression 
strain is almost constant for any load values as shown 
in Fig. 8. These results indicate that the measurement 
system obtains sufficient sensitivity to detect strain 
distribution of local positions.

Figure 9 shows the measured strain of the 500 mm 
length FBG sensor. The FBG sensor was bonded 
along the outer circumference of the access hole as 
shown in Fig. 6. It was possible to measure the discon-
tinuous strain distribution along the FBG sensor with 
an interval of 0.3 mm. It should be noted that the high 
spatial resolution of 0.6 mm has been confirmed when 

the measurement interval was set at 0.3 mm 8). In terms 
of the spatial resolution, the measurement system has 
a competitive edge over other distributed strain mea-
surement systems such as a Brillouin optical time do-
main reflectometry (BOTDR) 9) or a Brillouin optical 
correlation domain analysis (BOCDA) 10). 

From these results, it was confirmed that the dis-
tributed strain measurement system based on the 
OFDR using a long-length FBG sensor can achieve 
sufficient strain sensitivity with a millimeter class high 
spatial resolution. Furthermore, we have also succeed-
ed in measuring strain distribution over a meter span 
using a 1500 mm length FBG sensor 11).

Figure 10 shows the measured strain of the 42-point 
multiplexed FBG sensor. The FBG sensor was bonded 
along the stringer to measure overall deformation of 
the wing structure as shown in Fig. 6. It was possible 
to measure its overall deformation along the over 4 m 
span. The larger strain was measured toward the wing 
root, and the strain relieves were remarkably observed 
at around the rib positions. It was confirmed that the 
measurement system can also obtain the overall defor-
mation of a structure along a multiplexed FBG sen-
sor.

Fig. 7. The measured strain of the 300 mm length FBG sensor.
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Fig. 8. Load magnitude dependence of the measured tensile and 
compression strains and their Poisson’s ratio.
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Fig. 9. The measured strain of the 500 mm length FBG sensor.
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Fig. 6. Schematic configuration diagram of the strain-measured FBG sensors.
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5. Conclusion
We demonstrated strain measurements of the 6 m 

scale composite wing structure by means of the OFDR 
using FBG sensors. Local strain distribution in the 
wing was successfully measured with the high spatial 
resolution of 0.6 mm along the 500 mm length FBG 
sensor. Overall deformation of the wing was also mea-
sured along the over 4 m span using the 42-point mul-
tiplexed FBG sensor. We verified the possibility of the 
strain measurement technique, as the validity of these 
measured strains was confirmed. Consequently, the 
measurement system will be applied to not only a SHM 
technique but also to a stress analysis of precision 
components comprehended the strain distribution in a 
millimeter distance.
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Fig. 10. The measured strain of the 42-point multiplexed FBG sensor.


