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	 In this study, a fiber Bragg grating (FBG) sensor system was designed and attached to an 
underwater pressure vessel.  The pressure vessel was then subjected to various diving depths of 
up to 100 m to determine the sensor system’s ability to correctly identify variations in pressure.  
A total of four FBG sensors were attached to the loader at angles of 0, 90, 180, and 270°.  The 
results for each of the four FBG sensors were compared and verified by the finite element 
method.  The experimental results showed that when pressure was imposed on the cylindrical 
structure, the wavelength variations of the four FBG sensors were 130, 190, 190, and 200 με, 
respectively.  The maximum sensitivity of the FBG pressure sensor is −22.364 με/bar.  The results 
indicate that the FBG sensor system can provide accurate measurements of the structural 
strength of an underwater pressure vessel.  In addition, the monitoring technology can be 
established through comparison and verification with finite element method data.  The spectral 
variations of the proposed optical fiber pressure sensor show good linear relationship with 
increasing level of strain due to water pressure.

1.	 Introduction

	 The pressure vessel is the main watertight structural component of an underwater vehicle (UV), 
which houses the personnel, as well as the marine propulsion system, auxiliary machinery, and 
sensor systems, in addition to other sensitive equipment.(1)  UVs are capable of diving thousands 
of feet below the water surface, but the safety of a given vessel and its crew can only be 
ensured through extensive structural testing prior to the vehicle’s certification and deployment.  
Fortunately, as described by Kiddy et al.,(2) the accuracy of the finite element method (FEM) for 
use in such testing and certification has been amply demonstrated.(3)  
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	 Newly developed UVs will be suitable for deep sea, and they will be tested under deep sea 
conditions.  A diving depth of 6000 m is desired, which is equal to an ambient pressure of 600 
bars.(4)  In investigating the pressure hull of novel UVs, Kiddy et al.(5) have employed a FEM 
to select the placement locations for triaxial, biaxial, and uniaxial fiber Bragg grating (FBG) 
strain sensors.  Subsequently, the given experimental UV was lowered to a depth exceeding 
2000 feet, and the optical sensor signals were transmitted via an optical cable to the surface and 
monitored using a top-side interrogation instrument.  The measured temperature-compensated 
strain values produced by the interrogation instrument demonstrated excellent results.  In 2007, 
Hao et al.(6) conducted a nondestructive evaluation of composite pressure vessels using FBG 
sensors, but they did not simultaneously verify their experimental results by numerical analysis.  
An FBG is compact and lightweight, and features multipoint measurement functionality, 
immediate response, large bandwidth, and high resistance to electromagnetic interference,(7) 
and can thus serve as a substitute for conventional resistance strain gages to greatly enhance 
monitoring system efficiency and reliability.  In addition, FBG sensors feature an individual 
diameter of approximately 125 μm, which is far smaller than their current temperature and flex 
pressure, and can thus be embedded in various materials, making FBG sensors an indispensable 
component in the fabrication of intelligent structures.(8,9)  
	 In this study, we are concerned with the design of UV pressure vessels using finite element (FE) 
analysis, and numerical analysis was employed to establish a cylindrical structural model with 
a T-shaped outer frame.  Subsequently, an FBG sensing system was collaboratively employed to 
measure the strain variations of the model at various depths.  Finally, the measurement results 
were then compared and verified against the results obtained by FEM.

2.	 Working Principle of FBG Sensors

	 The first in-fiber Bragg grating was demonstrated by Hill et al.(10) in 1978.  Fiber grating 
sensors have since found increasing use in structural applications as deformation monitoring 
sensors.  An FBG relies on the measurement of the reflected light spectrum; therefore, it can 
also be called a reflection fiber grating.  FBG sensors are light, small, and immune to magnetic 
and electromagnetic interferences, and have good sensitivity, long-term stability, and corrosion 
resistance.  For this study, a simple, low-cost, and fast-responding interrogation system that 
uses a hybrid FBG-long-period fiber grating arrangement to achieve intensity modulation was 
developed.
	 FBGs consist of a section of periodic variation in refractive index in the optical fiber 
core.  When a broadband light spectrum encounters a Bragg grating, a narrow band spectrum 
at the Bragg wavelength will be reflected; therefore, it can also be called a reflection fiber 
grating.  Each FBG has a grating period of around 1 μm.  When the optocoupler emitted from a 
broadband light source enters the optical fiber, the light will be reflected because of the change 
in reflection rate through the FBG.  More specifically, the light that meets the conditions of 
the Bragg grating will be reflected, and the rest of the light will be transmitted.  The reflected 
light rays must have a wavelength that meets the Bragg condition as expressed in the following 
formula:(11)

	 2B effnλ Λ= .	 (1)
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Here, λB is the Bragg wavelength, neff is the effective refractive index, and Λ is the grating 
period.  When the grating is under strain loading, wavelength drift can be expressed as 

	 ( )1 eP Kε
λ ε ελ

∆ = − = .	 (2)

Here, ε is the strain, Pe is the photoelastic constant, and Kε is the strain wavelength coefficient.  
According to the literature,(10) (1 − Pe) is about 0.78, and when the grating is subjected to a 
tensile strain of 1 με, the Bragg wavelength drift will be about 0.0012 nm.  
	 The working principle of the FBG sensor is that the compression and deformation of the 
cylindrical structure that occur during liquid pressure changes will result in Bragg wavelength 
shifts.  To ensure the UV’s functionality, all subsystems are tested in a temperature-controlled 
pressure tank, which simulates the ambient characteristics of deep sea (10 bars).

3.	 Experiments

	 A cylindrical pressure vessel with T-shaped frames was fabricated in which the FBG sensor 
system was adhered.  The pressure vessel was made of EH-36 steel and had a diameter of 975 
mm and a thickness of 6.3 mm.  Abaqus software was then employed to analyze the strain on 
the pressure structure at 1 to 10 bar diving depths.  The results were then used to analyze static 
and quasi-static strengths.  Subsequently, the FBG was adhered to undergo pressure testing 
at varying water pressure.  The physical test results were then compared with the software 
simulation results to determine the maximum potential depth at which the UV pressure vessel 
can safely operate.  Figure 1 illustrates the experimental setup of the water pressure test in the 
static water tank, in which signals from a light source were transmitted to the FBG adhered to 
the pressure structure.  On reaching the FBG, the signals were reflected back along the same 
optical path and transmitted to a spectrometer, which consequently converted and delivered the 
signals to a computer for analysis.  The FBG signals were scanned through the spectrometer to 
measure the shift conditions of the characteristic wavelengths and analyze the physical strain 
endured by the examined object.  Observers can use these results to understand the relationship 
between the wavelength shift and the physical strain exerted, aiding them in employing 
immediate monitoring actions, as shown in Fig. 2.

Fig. 1.	 (Color onl ine) Exper imental setup of 
pressure sensing test.

Fig. 2.	 (Color online) Online monitoring diagram of 
highly reflective FBG.
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Fig. 4.	 (Color online) Surface mounting position of 
FBG sensors.

Fig. 3.	 FEM model.

4.	 Results and Discussion

4.1	 Analysis using FEM

	 The numerical simulation in this study adopted the Abaqus element serial number S4R, 
which is a 4-node, 4-sided hyperbolic shell element, to establish the cylindrical pressure vessel.  
The FEM model is shown in Fig. 3.  Each shell element node exhibited six degrees of freedom 
(ux, uy, uz, φx, φy, and φz), and a degradation integral was established at the curve center of 
the shell element.  For the T-shaped outer frame, the element serial number C3D8R, which is 
an 8-node, 6-sided solid element construct, was adopted.  Subsequently, the structural strength 
of the pressure structure (T-shaped outer frame) was analyzed.  The FEM model comprised a 
total of 17823 nodes and 24141 elements.  The boundary conditions for the cylindrical pressure 
structure were set so that the front and rear lids were secured using 16 bolts each, and the bolt 
boundary conditions were fixed.  In addition, axial panning and rotation freedom were set at 
a given constraint.  Figure 4 illustrates the static load and deformation strain on the pressure 
structure at a 100 m potential depth, indicating that the zones surrounding the T-shaped outer 
frame were high-stress concentration zones.

4.2	 Pressure testing on framed cylindrical pressure structure

	 In this experiment, 1/5 of the model cylindrical pressure vessel was placed in a pressure 
tank to simulate potential depths of 10 to 100 m.  Subsequently, the FBG sensors were placed 
in four groups (Sensors A, B, C, and D).  The cylindrical surface mount device was attached to 
the pressure vessel to undergo measurements (Fig. 5).  Using strain calculation, the maximum 
strains (100 m depth) of Sensors A (0°), B (90°), C (180°), and D (270°) were 130, 190, 190, 
and 200 με, respectively.  The sensitivities of Sensors A, B, C, and D were −15.515, −20.909, 
−22.182, and −22.364 με/bar, respectively.  Moreover, potential depths were simulated at 10 to 
100 m, and the obtained measurement data were then incorporated into the FEM model; the 
results are illustrated in Fig. 6.  The results showed that the measurements for Sensors B, C, and 
D were similar to those obtained from the simulation analysis.  However, in this experiment, 
the strain of Sensor A was smaller than those of Sensors B, C, and D because Sensor A was 
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Fig. 5.	 (Color online) Strain of FBG sensor under 1–10 bar loading.

Fig. 6.	 (Color online) Comparison of simulation and experimental results of FBG pressure sensor.

(a) (b)

(c) (d)

attached to the welded site of the cylindrical structure.  Figure 6(a) shows that the measurement 
data is different from the simulation analysis result in Sensor A.  This site presented a smaller 
strain change because the thick reinforcement of the weld causes welded sites to become strong.
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5.	 Conclusions

	 In this study, we successfully developed an optical fiber grating technique using an excimer 
laser.  In addition, a pressure structure model was established by FEM and then verified by 
performing actual pressure tests in a pressure tank at up to 100 m.  From the stress and strain 
test results of the cylindrical pressure structure, the wavelength variations of Sensors B, C, and 
D were similar to those obtained from the simulation analysis.  The maximum sensitivity of 
the FBG pressure sensor is −22.364 με/bar (Sensor D).  However, Sensor A was attached to the 
welded site of the structure, which was subsequently a reinforcement of the weld.  Thus, these 
sites are the locations on a UV that require the most attention during operations.  By monitoring 
the strain deformation of the underwater pressure vessel, the safety of the UV can be increased.
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