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a b s t r a c t

In this research programme, methodologies for structural health monitoring (SHM) of composite over-
wrapped pressure vessels (COPV) were addressed. So, this work is part of the development of a COPV lab-
oratorial prototype incorporated with non-destructive sensing technologies. The aim is to detect and
identify critical aspects that can happen during operation, in order to reduce possible safety problems.

Fibre Bragg grating (FBG) optical sensors and polyvinylidene fluoride (PVDF) polymeric piezoelectric
were the selected sensing technologies. These sensors were embedded in the liner–composite interface
during its manufacturing and monitored the prototype while tested under cyclic internal pressure load-
ing.

The measurements collected from the sensors were compiled with the analysis of test data and are pre-
sented in this paper. Also, the suitability of the two sensing technologies, issues related to sensor embed-
ding and the monitoring strategy are discussed.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Composite overwrapped pressure vessels (COPV) are among the
most effective solutions for high pressure storage of compressible
liquid and gaseous fluids [1]. Their characteristic high stiffness-
to-weight and strength-to-weight ratios make them suitable for
both static and mobile applications. However, since operating
higher pressures are continually sought due to the need to achieve
higher energy densities in storage systems, safety aspects become
critical. Thus, reliable design procedures and non-invasive moni-
toring techniques are required to reduce the risks of undesired
and unknown failures.

Non-destructive evaluation (NDE) techniques have been devel-
oped for vessels and pipe testing, including ultrasonic scanning,
acoustic emission (AE), shearography, stimulated infrared ther-
mography (SIT), electronic speckle pattern interferometry (ESPI),
vibration testing, radiography, conductivity, etc. [2–7]. However,
these classical techniques are not well suited for in-service SHM
due to the difficulties of making in situ implementation and/or
analysis. In recent years, in-service SHM systems for COPV based
ll rights reserved.
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on FBG optical sensors have been studied and presented according
to several aspects [8–15]. FBG have several attractive properties,
such as small size, multiplexing isolation capabilities and immu-
nity to electromagnetic fields, making them possible to incorporate
a fibre optic sensor system in order to monitor a structure in-loco.
All this is possible since an array of FBG sensors is capable of mea-
suring, in-real time, several parameters such as load/strain, vibra-
tion, temperature [16–18].

Piezoelectric sensors, just like the FBG sensors, are an elected
sensing technology used for smart structures, as well [19–22].
These materials make the continuous and active monitoring of a
structure possible due to their direct (sensor) and converse (actu-
ator) piezoelectric effect. These sensors are frequently used to
measure the vibration dynamics of structures due to their double
capacity (sensors/actuators), almost simultaneously. Piezoelectric
sensing technology, such as polyvinylidene fluoride (PVDF) or cera-
mic, are most widely used because of their wide bandwidth, fast
electromechanical response, relatively low power requirements,
high generative forces and small dimension. Additionally, the volt-
age that is generated when it is pressed is storage sustainable and
capable of recharging a battery (harvesting energy).

Qing et al. [23] report a work where thin films of piezoelectric
ceramic sensors were used to diagnose a filament wound compos-
ite structure.

Contrary to FBG quasi-static sensors, piezoelectric sensors only
respond to dynamic solicitations.
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In this work, a new approach where PVDF and FBG sensors are
used was developed to monitor COPV. The applicability of both
FBG and PVDF sensors to the online measurement of the COPV
deformation was, thus, experimentally assessed. The COPV used
were composed of a thin steel liner reinforced with glass-fibre/
polypropylene (GF/PP). The sensors were embedded in the liner–
composite interface during its manufacturing, previously to the
winding stage. The prototypes were then tested under cyclic inter-
nal pressure loading condition and their behaviour was monitored
using the two alternative sensor networks.

In this paper, the suitability of two different sensing technolo-
gies – FBG and PVDF – to support online SHM systems for COPV
is discussed. Experimental test results are presented and analyzed.
For each sensor type, a description of pros and cons, together with
the monitoring strategies, is presented. The novel approach, using
PVDF sensors, is compared to previous methodologies in both the-
oretical and practical issues.
2. Selected sensors

The hybrid network of sensors incorporates two different tech-
nologies: optical and electric sensors. In this study, FBG are used as
quasi-static strain sensors, at room temperature. The PVDF are
electric sensors and only respond to a dynamic solicitation. In
the following paragraphs, the physical characteristic phenomena
of each sensing technology are generally described.
2.1. Fibre Bragg grating sensor

FBG are formed when a permanent periodic variation of the
core’s refraction index is created along a section of an optic fibre,
by exposing the optic fibre to an interference pattern of intense ul-
tra-violet light. The photosensitivity of silica glass allows the
refraction index in the core to be increased by the intense laser
radiation. If the optical fibre with an FBG is illuminated by a broad-
band light source, the grating diffractive properties promote that
only a very narrow wavelength band is reflected back (Fig. 1).

Gratings are simple intrinsic sensing elements that give an
absolute measurement of the physical perturbation they sense.
Their basic principle of operation is to monitor the wavelength
shift associated with the Bragg resonance condition [24]. The
wavelength shift is independent of the light source intensity [25].
When the fibre is stretched or compressed along its axis, the period
of the grating changes. The same is observed when the tempera-
ture fluctuates.

The output wavelength signal was acquired at 5 Hz with the
BraggMETER equipment, developed by FiberSensing™ (see Fig. 1).
Fig. 1. FBG signal acquisition scheme.
2.2. Polymeric piezoelectric membranes

The piezoelectric membranes that were used are the commer-
cial piezoelectric polymers supplied by Measurement Specialties
Inc Company, USA. The piezoelectric membrane consists of a
12 � 12 mm active area printed with silver ink electrodes on both
surfaces of a 15 � 40 mm die-cut piezoelectric polymer membrane
(see Fig. 2). Polarization is along the thickness and the piezoelectric
stress constants are gzz = �330 � 10�3 and gzy = �330 � 10�3

ðv=mÞ=ðN=m2Þ
� �

(Fig. 2). Theoretically, for this specific sensor
where strength is applied in the (y-axis) direction, a voltage is gen-
erated across the polarization axis (z-axis). Furthermore, the
amount of free strain is given by

V0 ¼ gzy � Xnt; ð1Þ

where t is the thicknesses of the polarized PVDF, Xn is the applied
stress in the relevant direction and V0 is the returned voltage after
each applied stress. For this application, our concern was the selec-
tion of the piezoelectric sensor with the appropriate piezoelectric
constant. So, the returned electrical signal is only for longitudinal
deformations because other directions have null piezoelectric strain
constants [26].

The black region, in the Fig. 2, corresponds to the sensor active
area (silver electrode). The output signal was acquired using an ni-
6229 multifunction data acquisition (daq) and the labview software.

3. COPV prototype manufacturing

COPV typically consist of an inner liner and an outer composite
overwrapping layer. The inner liner ensures the vessel geometry
and containment of the fluid being stored. The composite layer
reinforces the liner and gives it ability to withstand higher pres-
sures. The COPV prototype manufactured in this work was com-
posed of an axis-symmetric thin steel inner liner (thickness =
0.7 mm), with two domes fabricated by a deep drawing process.
The registered capacity was 24 l. The circular threaded filling hole
is an insert welded to the top of one of the domes. In Fig. 3, we can
see a schematic cut view of the COPV.

The various types of sensors were strategically placed over the
liner in specific locations in order to sense the principal strains of
the structure.

Given the axis-symmetry of the COPV, it is interesting to mon-
itor two principal directions of strain: longitudinal and circumfer-
ential directions. Four FBG sensors were placed in the
circumferential direction, as near to the main welding as possible.
These were printed in one single optical fibre. Two other FBG sen-
sors were placed in the longitudinal direction, along the liner gen-
erator profile. These were placed symmetrically to the COPV axis.
Two PVDF sensors were placed in the longitudinal direction in
symmetric positions. This positioning of the PVDF sensors was
Fig. 2. Polymeric piezoelectric sensor scheme.



Fig. 3. Schematic cut view of a COPV.

Fig. 4. Positioning of FBG and PVDF sensors onto the liner surface.

Fig. 5. Feeding the GF/PP filaments through the co-axial IR heater.
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mainly limited by the reduced extent of their electrical connectors,
thus allowing only to do their sensitivity analysis by comparing to
the corresponding FBG placed sensors. In Fig. 4, a scheme of the
arrangement is shown.

The composite layer was then wound over the liner and the sen-
sors. A commercial commingled GF/PP composite was applied. Ten
rovings (1870TEX) were configured in a 25 mm bandwidth wind-
ing band. The thermoplastic matrix was melted at 250 �C in a co-
axial feeding IR heater and consolidated by cooling in the final
geometry Fig. 5). The wound lay-up sequence was 90/±22/90.

These COPV are identical to commercial products that present a
burst pressure of 105 bar and a fatigue pressure of 30 bar (12,000
cycles).
4. Experimental results

In order to observe the behaviour of both sensing technologies,
cyclic internal pressure loading conditions were applied to the
COPV. Consecutive series of 30 cycles with a prescribed maximum
pressure and frequency of 0.24 Hz were conducted. For each new
series, the prescribed value for the maximum pressure was in-
creased in 5 bar. Nine series were conducted at maximum pres-
sures from 5 to 40 bar. Moderate strain states were achieved,
accomplishing the objective of evaluating the SHM methodologies
under real in-service conditions of these COPV. Fig. 6 shows the
test arrangement. The pressure history applied to the COPV is show
also in Fig. 7.

In Figs. 7, 8a,b and 10, it is possible to observe that both technol-
ogies, optical (Figs. 7 and 8a,b) and piezoelectric (Fig. 10), sense
and distinguish the different pressure stepped levels during the
experimental tests. Table 1 reports the behaviour of FBG sensors
for each cyclic loading step.

The FBG sensors placed circumferentially in the vessel reported
a non-linear behaviour (see Fig. 9a). The FBG placed longitudinally
demonstrated a linear response and a sensitive coefficient of 38
and 54 pm/bar (see Fig. 9b). On the other hand, the longitudinal
FBG showed linearity even in the pressure release bottom trend
line.

Moreover, in the circumferential direction, a compression state
is observed at each pressure release in the cycle series led at max-
imum pressures of 10–25 bar. Further analyses focused in the ves-
sel mechanical behaviour allowed us to conclude that the welding
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region reaches plasticity at relatively low pressure values. Its great-
er stiffness forces the contiguous regions to bend when it expands
(applying pressure) and this is not fully recovered when it retracts
(releasing pressure).

The PVDF placed in the longitudinal direction of the vessel
(Fig. 11) reported a non-linear behaviour for the pressure loading
(see Table 2). Although the PVDF and the longitudinally placed
FBG have differences, these can be possibly justified by the fact
that, on one hand, the two sensors are positioned in slightly differ-
ent locations and, on the other hand, the membrane behaviour of
the thin steel liner turns out to be more balanced and homoge-
neous at higher levels of strain, after an initial stage where local
non-uniformities do to its manufacturing process prevail.

The longitudinal and circumferential FBG reported similar lev-
els of strains during the first four and the last pressure steps and
gradually diverged between the 15 and 30 bar stages (see
Fig. 12). The minimum values sensed by both FBG sensors were
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equally 200 le in the first series (5 bar), but, in the final stage
(40 bar), they presented values of 1377 and 1305 le, respectively.
The PVDF theoretically present values between [34,599 and
112,770] kPa (see Fig. 13).

5. Discussion

From the analysis of the results, one can discuss the applicabil-
ity of the studied sensor systems in SHM of COPV, as well as the
behaviour of the COPV itself. In a preliminary assessment, the PVDF
Table 1
Optical sensor behaviour for the different assays.

Optical sensors sensitivity calculated E

Longitudinal FBG Max pressure 3
Release pressure 1

Circumferential FBG (1) Max pressure 9
Release pressure 8

Table 2
Piezoelectric sensor behaviour for the different assays.

Piezoelectric sensor sensitivity calculated E

Longitudinal Max pressure 1
Release pressure 3
sensors proved to be applicable in SHM of COPV. This was sup-
ported by the good agreement of results for both FBG and PVDF
in comparable sites (longitudinal direction). The PVDF withstand
processing temperatures of up to 200 �C, which make them usable
in both thermosetting and thermoplastic-based COPV. Moreover,
they are easy to apply, relatively non-intrusive and allow the direct
measurement of both longitudinal strain and normal (off-plane)
stress.

The PVDF, as a dynamic sensor, showed good resolution in the
identification of the pressure and consequent release in each step.
However, the reported voltage is not linear to the applied voltage,
but increases according to a polynomial equation (see Fig. 13).

Concerning to the FBG sensors, their application requires a more
delicate collocation since they are very fragile. They are also more
intrusive (visible indentations in the inner composite layers could
be observed) and less capable of overcoming local geometric singu-
larities like welding and hard curvatures.

Additionally, the circumferential and longitudinal strains
showed to be of the same order of magnitude. Although this cannot
be directly supported by other analytical means within this study,
one can intuitively associate this to the membrane-like behaviour
of the whole liner-composite thin shell in the lower pressure
stages. As it is observed in the results, from the pressures stages
at 25 bar, the circumferential strains diverge from the longitudinal
ones which fit the experimental evidence of the failure mecha-
nisms typically observed in the burst pressure tests led on these
structures.

Interesting information was also assessed regarding the behav-
iour of the COPV in specific regions [27]. In fact, compressive
xperimental Error (square error, N)

8.54 pm/bar R = 0.9995
.57 pm/bar R = 0.9921
4.4 + x(12.8 + 6.14E�7x) pm/bar R = 0.99868
6.86 + x(-7.99E�8 + 1.03E�8x) pm/bar R = 0.98756

xperimental Error (square error, N)

61.83 + x(46.1 � 4.581E�7x) mV/bar R = 0.99807
20 + x(�48.82 + 7.405E�7x) mV/bar R = 0.98115
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strains were observed in the welding at each pressure release, dur-
ing the first pressure stages. Moreover, in the circumferential
direction, a compression state is observed at each pressure release
in the cycle series, which led to maximum pressures from 15 to
25 bars. This behaviour is explained by the plastic unrecovered
deformation that occurs in the neighbourhood of the circumferen-
tial welding. Due to the greater stiffness of the welding section, its
circumferential strains, when loading it (applying pressure), are
less than those of the surrounding regions, leading to unrecovered
plastic bending strains in these regions when unloading (releasing
pressure). The welding surrounding region reaches plasticity at rel-
atively low pressure values, leading to the abovementioned non-
linear behaviour through the stepped increasing of pressure. This
phenomenon could also be discussed in terms of the well studied
autofrettage mechanisms, used in typical pressure vessels [28].
The results showed that the reinforced liner behaves non-linearly
along the circumferential direction in the main welding region
and linearly in the longitudinal direction along the domes.

6. Conclusions

By the end of this work, several aspects related to the applica-
bility of FBG and PVDF sensor systems in SHM of COPV can be dis-
cussed, once they have been assessed through the present
experimental programme.
In summary, two different technologies for online structural
health monitoring (SHM) were studied in this composite over-
wrapped pressure vessel (COPV). When comparing these technolo-
gies, the FBG optical technology presents an alternative solution
when compared the conventional piezoelectric. For dynamic mea-
surement the PVDF technology presents good resolution and easy
handling, thus being the main innovation introduced by this
programme.

Despite these results, considerable effort must be addressed in
future work. More testing campaigns and longer tests shall be con-
ducted in order to study the long-term stability and reliability of
the sensor systems. Embedment of sensors in different sites of
the composite layer shall be addressed for the evaluation of even-
tual damage initiation and propagation in the composite. Numeri-
cal models, capable of being compared to experimental results,
shall also be developed. All these issues will be addressed in the
continuation of our work.
Acknowledgments

The authors would like to acknowledge INESC Porto for the sup-
port in the development of specific FBG sensors and AMTROL-ALFA
for the use of the pressure test facility.
References

[1] Conder RL, Newhouse NL. Cyclic pressure test of a filament-wound vessel
containing liquid nitrogen. Cryogenics 1980;20(12):697–701.

[2] Johnson EC, Nokes JP. Aerospace Corp., Nondestructive evaluation (NDE)
techniques assessment for graphite/epoxy (Gr/Ep) composite overwrapped
pressure vessels, report no. A162363, El Segundo; 1998.

[3] Yao XF. Full-field deformation measurement of fiber composite pressure vessel
using digital speckle correlation method. Polym Test 2004;24(2):245–51.

[4] Knapp RH, Robertson IN. Fiber optic sensor system for filament-wound
pressure vessels. In: Proceedings of the international offshore and polar
engineering conference; 2000. p. 77–82.

[5] Degrieck J, Waele WD. Embedded optical Bragg-sensors for monitoring of
filament wound pressure vessels. Eur J Mech Environ Eng 1999;44:205–14.

[6] Examination of the nondestructive evaluation of composite gas cylinders, final
report, NTIAC – A7621-18:CRC-CD8.1, Austin; 2002.

[7] Knapp RH, Robertson IN. A new concept for smart composite pressure vessels.
In: Proceedings of 9th international offshore and polar engineering conference,
Brest; May 30–June 4 1999.

[8] Degrieck J, De Waele W, Verleysen P. Monitoring of fibre reinforced composites
with embedded optical fibre Bragg sensors, with application to filament
wound pressure vessels. NDT&E International 2001;34(4):289–96.

[9] Measures RM. Structural monitoring with fiber optic
technology. London: Academic Press; 2008.

[10] Kang H, Park J, Kang D, Kim C, Hong C, Kim C. Strain monitoring of a filament
wound composite tank using fiber Bragg grating sensors. Smart Mater Struct
2002;11:848–53.

[11] Grant J, Kaul R, Taylor S, Myers G, Wilkerson C, Jackson K, et al. Distributed
sensing of carbon-epoxy composites and filament wound pressure vessels
using fiber-Bragg gratings. Proc SPIE 2002;4935:32–40.

[12] Kunzler M, Udd E, Kreger S, Johnson M, Henrie V. Damage evaluation and
analysis of composite pressure vessels using fiber Bragg gratings to determine
structural health. Proc SPIE 2005;5758:168–76.

[13] Ortyl Nicholas E. Damage evaluation and analysis of composite pressure
vessels using fiber Bragg gratings to determine structural health. Proc SPIE
2005;6004.

[14] Kang DH, Kim CU, Kim CG. The embedment of fiber Bragg grating sensors into
filament wound pressure tanks considering multiplexing. NDT&E Int
2006;39(2):109–16.

[15] Hao J, Leng J, Wei Z. Non-destructive evaluation of composite pressure vessel
by using fbg sensors. Chin J Aeronaut 2007;20(2):120–3.

[16] Culshaw B. Smart structures and materials. Artech House Publishers; 1996.
[17] Frazão O, Ferreira LA, Araújo FM, Santos JL. Applications of fibre optic grating

technology to multi-parameter measurement. Fiber Integr Opt 2005;24(3–
4):227–44.

[18] Frias C et al. Mechanical characterization of bone cement using fiber Bragg
grating sensors. Mater Des 2009;30(5):1841–4.

[19] Tan P, Tong L. Identification of delamination in a composite beam using
integrated piezoelectric sensor/actuator layer. Compos Struct 2004;66(1–
4):391–8.

[20] Yan YJ, Yam LH. Online detection of crack damage in composite plates using
embedded piezoelectric actuators/sensors and wavelet analysis. Compos
Struct 2002;58(1):29–38.



4022 C. Frias et al. / Materials and Design 31 (2010) 4016–4022
[21] Bar HN, Bhat MR, Murthy CRL. Identification of failure modes in GFRP using
PVDF sensors: ANN approach. Compos Struct 2004;65(2):231–7.

[22] Park J-M et al. Nondestructive damage detection and interfacial evaluation of
single-fibers/epoxy composites using PZT,PVDF and P(VDF-TrFE) copolymer
sensors. Compos Sci Technol 2005;65(2):241–56.

[23] Qing X, Kumar A, Zhang C, Gonzalez IF, Guo G, Chang F-K. A hybrid
piezoelectric/fiber optic diagnostic system for structural health monitoring.
Smart Mater Struct 2005;14:S98–S103.

[24] Frazão O, Romero R, Araújo FM, Ferreira LA, Santos JL. Strain–temperature
discrimination using a step spectrum profile fibre Bragg grating arrangement.
Sensors Actuat A: Phys 2005;120(2):490–3.
[25] Frazão O, Ramos CA, Pinto NMP, Baptista JM, Marques AT. Simultaneous
measurement of pressure and temperature using single mode optical fibres
embedded in a hybrid composite laminated. Compos Sci Technol 2005;65(11–
12):1756–60.

[26] http://www.meas-spec.com/.
[27] Vieira A, Faria H, de Oliveira R, Correia N, Marques AT. H2 high pressure on-

board storage considering safety issues. In: Second international conference on
hydrogen safety. San Sebastian, Spain, 11–13 September 2007.

[28] Mackerle Jaroslav. Finite element analysis of fastening and joining: a
bibliography (1990–2002). Int J Pres Ves Pip 2003;80(4):253–71.

http://www.meas-spec.com/

	Manufacturing and testing composite overwrapped pressure vessels with embedded sensors
	Introduction
	Selected sensors
	Fibre Bragg grating sensor
	Polymeric piezoelectric membranes

	COPV prototype manufacturing
	Experimental results
	Discussion
	Conclusions
	Acknowledgments
	References


