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Abstract:

Filament-wound Composite Pressure Vessels (CPVs) are employed largely for gas or fluid storage under
pressure in aerospace, automotive and naval industries. Composite vessels are subjected to harsh
conditions such as critical loadings, extreme temperatures, and bursting; therefore, a permanent in-situ
and online monitoring approach for the structural integrity of the vessels is essential. Hence, this review
paper focuses on the description of the most trending used sensors such as piezoelectric (PZT and
PVDF), piezoresistive (BP and MXene) and fiber optic (SOFO®, OBR and FBG) sensors, for
developing a Structural Health Monitoring (SHM) approach to create self-sensing composite pressure
vessels. The novelty of this review paper lies in providing an overview of existing works covering the
integration of sensors in composite vessels, including sensor types, localization, and their impact on
composite integrity. Particularly, an analysis of the literature is provided concerning the sensor’s
integration and especially their monitored parameters, layout design and arrangement in CPVs.
Additionally, the interaction between the host composite material and sensors is analyzed to understand
how to integrate sensors with the minimum possible defects that alter the mechanical performance of
composite vessels. Lastly, a discussion of a CPV's SHM system is provided to offer researchers a
foundation for upcoming experimental work.

Keywords: Composite pressure vessels, Filament winding process, Structural health monitoring,
Embedded sensors, Composite degradation.

1- Introduction

Composite pressure vessels (CPVs) are the most advanced equipment for high-pressure liquid or
gaseous fluid storage applications such as hydrogen energy, methane, and compressed natural gas
(CNG) [11, 2], I31. [4]. 5], [6]. These composite tanks are widely employed in various industries for
transport applications such as aerospace [7], automotive, and naval [8] thanks to their high stiffness-to-
weight ratio, high durability and excellent fatigue and corrosion resistances [9], [10]. Recently, the
applications of CPV have been extended to hit the sanitary and heating industry for domestic hot water
storage purposes [11]. CPV applications range from 10 bars for domestic uses to 700 bars for hydrogen
storage applications. In general, carbon fibers (CF) are used for high-pressure storage applications, while
for low-pressure storage glass fibers might be used.

Conventional CPVs consist of two main regions: a cylindrical region and two end domes on the
extremity regions of the tank. The most mature and promising technology for the manufacturing of such
composite vessels is the filament winding (FW) technique [12]. FW technique consists of winding
continuous fibers around a rotating mandrel called a liner as shown in Fig. 1. The primary role of the
composite is to ensure the load-bearing capacity of the structure, while the liner serves as a barrier to
prevent gas or water leakage.
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Fig. 1. Schematic representation of filament winding process for composite vessel manufacturing [13].

Three types of winding are distinguished as can be seen in Fig. 2. Firstly, hoop winding which
corresponds to winding fibers with an angle of 90° with respect to the axis of the mandrel, in reality
slightly less than 90°, usually 85° to 90° to allow next fiber winding circuit. The advantages of this
winding are to resist the tangential forces induced by the pressure inside the tank and ensure the
circumferential resistance of the structure. Secondly, helical winding consists of winding fibers with an
angle of less than 90° and lies typically between 5° and 85°. The advantages of this winding are to ensure
the stability of the ends of the tank and participate in carrying the axial loads. Thirdly, polar winding
consists of winding fibers from pole to pole with an angle that depends on the mandrel’s length. This
winding is largely used for CPVs with spherical domes.

i » i
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Fig. 2. Types of filament winding: (a) hoop; (b) polar; (c) helical [14].

Standard industrial pressure vessels can be categorized into five types [12], [15], [16], [17] as illustrated
in Fig. 3 and have the following features: type I is a full metal vessel, type Il represents a metallic liner
wrapped with composite hoop layers, type 11 is described by a metallic liner wrapped with hoop and
helical composite layers, type IV is a polymer liner wrapped with hoop and helical composite layers and
type V is a liner-less tank with a full hoop and helical composite layers.
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Fig. 3. Five various types of industrial pressure vessels (reproduced from [16])

Type I

CPVs offer a cost-effective solution for storing high-pressure gas and liquid across a wide range of
volumes, from several liters to thousands of liters. During operation, storage tanks are subjected to the
following harsh environmental and loading conditions: high temperature, internal pressure,
hydrothermal aging, and cycling loading. Thus, they are classified as risk structures. Consequently, these
structures may face various damage modes and failure mechanisms that might be a challenge to their
structural integrity. Due to the effect of the composite material anisotropy and the possibility of
unexpected damage generation, they necessitate a much deeper mechanical understanding. Therefore,



precise knowledge of the state of the tank is mandatory to guarantee safe use during its lifetime and
prevent a catastrophic event; thus, the safety and reliability of the tank are of fundamental interest. This
requires the development of a diagnostic and inspection technique for monitoring the state of health of
the composite tank from the initial stage of damage onset.

These reasons urge researchers to improve the security of CPVs and develop a continuous, permanent,
real-time and in-service structural monitoring approach for vessels that consider the local structural
environment. This approach, known as Structural Health Monitoring (SHM), involves regular
measurements and checks of multiple physical parameters, such as displacement and temperature,
during the operation of the composite vessel through sensor integration. SHM is largely used also in
other composite structures applications [18], [19], [20], [21], [22], [23], [24], [25], [26], [27], [28] like
marine [29], [30], [31], aerospace [32], [33], [34], [35], civil [36] and wind turbines [37], [38], [39],
[40], [41] to control and maintain good integrity of the design.

Several non-destructive evaluations (NDE) techniques are available as a sub-concept of SHM for
damage detection and strain measurement analysis of CPVs such as digital image correlation (DIC) for
full-field strain observation [9], [42], [43], [44], [45], [46], acoustic emission (AE) [9], [10], [47], [48],
[49], [50], [51] and ultrasonic wave testing [52], [53], [54], [55]. The use of these techniques is detailed
in the following standards: DIC [56], AE [57], [58] and laser ultrasonic testing [59]. However, they are
employed for external and periodic assessments [4], posing challenges in implementation for high-
pressure vessel testing due to limited working space [60], and are not ideally suited for long-term online
monitoring during the in-situ operation of the CPV [61].

Fortunately, the FW technique offers the possibility of the integration of sensors during the fabrication
process of CPV which is the main subject of this review. The SHM approach employed for CPVs is
established by the use of a complex strategy based on wired and wireless sensors. These enable the
detection, localization, identification and prediction of damage permanently and continuously. The
recent analysis of the literature illustrates that the following sensors can be integrated for SHM of CPVs
comprise piezoelectric sensors (PZT and PVDF) [49], [62], [63], [64], piezoresistive carbon nano-
material sensors (BP and MXene) [65], [66], [67], [68], [69] and fiber optic (FO) sensors (FBG, OBR
and SOFO® interferometric) [42], [70], [71], [72], [73], [74], [75], [76], [77]. To the best of our
knowledge, these sensors were mainly integrated into type 111 and type IV CPVs.

The SHM system for CPVs will rely on sensors embedded within the composite material or mounted on
the outer surface of the vessel. Embedding sensors into the bulk of the material will provide additional
protection to the sensors since they are not in contact with the external environment, conversely to
surface-mounted sensors. Although the SHM method for CPVs can provide significant benefits in terms
of damage monitoring and detecting critical parameters, high requirements are imposed for the proper
installation of such a complex system. This is mainly because embedded sensors may create
discontinuities among layers, manifesting as resin-rich regions generated around sensors, which depend
on the sensor’s geometry, dimensions and orientation. Such resin-rich regions may impact and degrade
the mechanical performance of the host composite material. These effects occur and evolve across
multiple scales (micro, meso, macro) depending on the applied loading, and can prematurely lead to the
failure of the CPV structure.

This review on SHM sensors for CPVs is meticulously designed to cater to a diverse audience, including
novices, experts, and interdisciplinary researchers. For novices, foundational knowledge on SHM and
filament-wound CPVs is provided, including detailed background information on filament winding
technology, SHM principles, various sensor types, characteristics and working principles, helping them
build a solid understanding of these topics. For experts, detailed analysis and recent advancements in
SHM technology are offered through in-depth discussions on sensor technologies employed for
monitoring CPVs, integration methodologies within filament-wound products, mechanical impacts of
each sensor’s type on the integrity of the host composite, and innovative research findings, along with



critical evaluations of current studies and identification of research gaps. This helps experts stay updated
and aids their research and development efforts. For interdisciplinary researchers, the review connects
insights across various fields related to SHM and composite materials. This work proposes a streamlined
approach to better sensor selection for CPVs. Analyzing the characteristics, advantages, disadvantages,
mechanical impact, applications, and degree of use of various sensor types, allows researchers and
engineers to efficiently identify the most suitable option for their specific application. This
comprehensive approach ensures that the review is accessible, relevant, and valuable to all readers,
regardless of their expertise level.

The present paper provides a critical review of SHM sensor technology used to achieve self-sensing
CPVs and analyzes their impact on the composite host material’s mechanical performance. The unique
contribution of this paper is its comprehensive examination of existing research on the integration of
sensors within CPVs, encompassing various sensor types, their placement, and their effects on the
structural integrity of the composites. The main objective of this article is to respond to the following
three questions: what is the best type of sensor that might be used for CPV’s monitoring? How and
where should be integrated? What are their impacts on the mechanical performance of the composite?
To do this, firstly a review of the principal sensor types employed for self-sensing CPVs is presented.
Secondly, a state of the art regarding the integration and installation of each sensor’s type in CPVs is
presented. Thirdly, experimental and numerical studies about the impact of embedding sensors on
composite material’s properties degradation are also presented. This inspired us to discuss the best
solutions for integrating sensors in CPVs (types Il and 1V) with minimal risk to have induced damage
in a composite. Note that the solutions discussed in this review also apply to type V CPVs, as they are
made from composite materials. However, they are not extensively covered here because they have not
been widely studied in the literature for SHM purposes. The discussed solutions provide a foundation
for constructing an SHM system, which can serve as a basis for further research.

2- Scopus metrics for sensor-enabled monitoring for CPVs

This review paper addresses a critical and rapidly evolving field within CPV technology; the integration
of sensors for enhanced monitoring and safety of CPVs. The increasing complexity of CPVs has led to
a growing demand for advanced monitoring solutions to ensure their reliability and safety. It is recorded
a significant rise in research publications focusing on sensor integration for CPVs. The conducted
analysis of publication trends using the keywords “Composite Pressure Vessel” and “Sensor” between
the years 2005 and 2022 underlines this growing interest, highlighting the importance of this research
field. The analysis is limited to some filters including an article document type and an English language
article. The growing publication trends motivate authors to group this field of research and build a robust
foundation to facilitate the development of more reliable, efficient, and safe CPVs for various industrial
applications. The attached graph (see Fig. 4) illustrates a clear upward trajectory in the number of
documents published on this topic, with a notable increase beginning around the year 2016 and a
significant rise from 2020 onwards. This trend indicates a growing recognition of the importance of
sensor integration for monitoring CPVs. Therefore, as the use of CPVs continues to expand, the
importance of effective monitoring systems becomes increasingly paramount.
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Fig. 4. Documents (publications) in the field of integrated sensors for CPV’s monitoring

3- SHM sensors used for CPVs

Structural Health Monitoring represents the measurement of a structure’s loading, operating
environments, and critical responses to evaluate and track damage and anomalies that may affect
reliability, serviceability, and safety. The main functions of the SHM system are to record the activity
of a structure throughout its operation, to provide information regarding dangers that may affect the
structure's performance, to enhance the real-time understanding of the CPV's behavior, and thus to
improve the safety of a structure.

Sensors applied for SHM of CPVs structures require specific features, like lightweight, small
dimensions, good signal-to-noise ratio, wireless construction, long service life, and low cost [78]. An
SHM sensor should meet the following basic prerequisites: first, it should be independent of
environmental variation and capable of monitoring the real damage of the composite material; second,
it should transmit a good signal and produce as much as possible a little impact on the composite host
material; and third, it should be well attached, integrated into composites and simple to handle. These
sensors provide information about the stress state, deformation, and temperature of the composite,
aiming at evaluating the structural integrity and safety of the CPV [79]. One of the conventional type
sensors used for CPV monitoring is a strain gauge [46], [65], [85], [86], [87]. Recently, SHM approaches
of CPVs include piezoelectric sensors [80], piezoresistive sensors [81], and fiber optic sensors [4], [82],
[83], [84]. In this review article, we will focus only on the last three types of sensors which are the most
trending ones used for SHM of CPVs.

3.1- Piezoelectric

Piezoelectric sensors are generally used for strain measurements at a micro-scale with linear behavior,
and they do not require pre-amplification circuits [88]. They are capable of generating electric charge
when mechanically stressed; this is called the direct piezoelectric effect, allowing materials to be
qualified for sensing by estimating variations in displacement or force [89], [90]. In the same way, a
piezoelectric material deforms when subjected to an electric field; this is called the indirect piezoelectric
effect. This allows the piezoelectric material to function as an actuator [91]. Tuloup et al. [80] published
a review paper about piezoelectric sensors used for SHM and polymer matrix composite manufacturing.
The piezoelectric sensor was used by multiple authors [62], [92], [93], [94], [95], [96] for CPV health
monitoring. There are several types of piezoelectric sensors for different applications, among them the
Lead Zirconate Titanate (PZT) sensor and the polymer sensor Polyvinylidene Fluoride (PVDF) are used
in CPVs monitoring [62], [92].



Piezoelectric sensors present high mechanical strength at a low price compared to FO sensors.
Additionally, they can be mounted on the outer surface of the vessel or embedded between layers of the
composite vessel to increase sensor durability and ensure higher sensitivity to structural deterioration.
They also offer a high electromechanical response. However, under static conditions, piezoelectric
sensors may not generate a significant voltage signal. Therefore, it is important to note that they are used
mainly in dynamic conditions to execute measurements and they operate for a large range of frequencies.
Besides that, they are sensitive to high temperatures, which reduces their sensitivities [94]. One
significant disadvantage of piezoelectric sensors is that they have a form much more complex than FO
sensors. In general, they are found in circular pellet form in the market. Their diameters vary generally
between 3 and 50 mm and a thickness of 0.5 mm approximately. A scheme of the piezoelectric sensor
is shown in Fig. 5.

Fig. 5. Piezoelectric sensor

A network of PZT sensors covering a vast area of a structural element necessitates long and heavy
cabling, which may be detrimental to the structure’s performance. Three ways may be used to shorten
the lead wires of a PZT sensor’s network. To construct a single continuous sensor, PZT sensors in the
same row or column can be linked in series, parallel, or heterogeneously, with a combination of in-series
and parallel connections. These solutions allowed for shorter cabling lengths than each sensor had its
lead wire attached to a single channel of the monitoring system. These strategies were validated on a
composite wing of an aeronautical application [97]. The detection approach used for actuating the PZT
transducers under an electric field is an electro-mechanical impedance (EMI) [98]. Typically, the real
part of impedance may be used to identify damage, whereas the imaginary part of impedance can be
utilized to detect transducer debonding [99]. The impedance depends not only on the thickness, length,
and width of the PZT sensor but also on the mass, stiffness, and damping of the composite host structure.
The changes in the impedance of the PZT sensor Z (w) allow the sensing of a damage in the structure.
The measurement of the impedance can be done using an impedance analyser or LCR meters
(inductance L, capacitance C and resistance R). The EMI technique uses a sinusoidal source Vy, a high
frequency excitation of the structure (= 30 kHz) and an angular frequency w, in order to produce a
current I. The electrical impedance of the PZT transducer is calculated by the following equation [100]:

ZE(G)) _x_ 1 (ggs _&dZ }';fx) , (1)

I jwa Z(w)+Zg(w) 3%

where Z,(w) and Z(w) represent the mechanical impedances of the sensor and monitored structure,
respectively, E, the Young’s modulus, &% the dielectric constant, j the imaginary unit, d3, the electric
field constant and a the geometric constant.

Two decades ago, another supple sensor named Stanford Multi-Actuator Receiver Transduction
(SMART Layer™) delivered by Acellent Technologies [101] was created to successfully attach a PZT
network of sensors to structures. It represents a flexible dielectric layer device that can be integrated
among composite layers of the vessel during the filament winding process as an extra ply or surface-
mounted on the outermost layer of the vessel [102]. It’s applicable also for both composite and metallic



structures. An epoxy adhesive bonded on one side of the SMART layer is present to achieve a good
bonding with a contact surface. A technique for creating a 3D complex shape of SMART layer that
maintains its shape; is to use mechanical locks at pre-chosen sites and after that form the layer on the
geometry. The layer will maintain its shape after curing. A representation of this idea is shown in Fig.
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Pre-designed SMART Layer™ Side view of final shape Top view of final shape

Fig. 6. lllustration of 3d SMART layer shaping on composite vessel structure [102].

The smart layer offers several advantages thanks to its small thickness, remain flexible during a high
number of cycles in fatigue, durable, ease of handling, and a size of a few centimeters to a few meters
[102], [103]. It demonstrates also its capability to not degrade the integrity and the mechanical properties
of the composite host material [102], [104]. This is also true for showing environmental and
hydrothermal aging and providing real-time analysis of data in the embedment process during the
filament winding [102]. Moreover, it can support a high temperature of the order of 200°C. The SMART
layer was proved to be adaptable for damage localization and detection in filament-wound CPVs [63].

3.2- Piezoresistive

In the past five years, the use of piezoresistive sensors in the field of filament-wound CPVs has
increased. When sensors based on piezoresistive material are subjected to mechanical strain or stress,
they respond with a change in the electrical resistance manipulated by nanocarbon materials such as
polymer fillers [105], [106]. The principle of this method is that when the conductive network of sensors
breaks up due to damage, the resistance of sensors in composites changes [107]. Several materials with
good electrical conductivity like carbon nanotubes (CNTs) [108], [109] and graphene nanoplatelets
(GnPs) [110], [111] are introduced into the nonconductive matrix to create a conductive network inside
it to obtain a strain sensor applied for SHM. In other words, spreading CNTs and GnPs into a polymer
to constitute a conductive matrix [112].

Embedding nanomaterial-based sensors in filament-wound CPVs for structural health monitored in situ
to obtain damage information has been employed by several authors [65], [66], [67], [68], [81], [113],
[114], [115]. Nauman [116] has published a review paper to present the different approaches to using
piezoresistive sensing techniques for the health monitoring of polymer composites. Lemartinel et al.
[117] have published a review paper that presents nanocarbon-based materials sensitive to strain and
damage for SHM of composite parts. Nanocarbon materials can also provide a reinforcing effect by
enhancing the mechanical properties of the composite structures. While carbon fiber can be self-sensing,
it can be used to introduce nanocarbon materials into fiber-reinforced polymer (FRP) composites to take
advantage of their piezoresistive properties for sensing purposes. In the case of using carbon fiber for
CPV, this might be used as a self-sensing strategy by making their sensors for damage monitoring [32].
This method helps for avoiding the introduction of sensors in the CPV fabricated by carbon fiber, to
prevent the impairment of the mechanical properties of the composite materials. CNTs offer great
advantages such as they have great mechanical strength and high thermal and electrical conductivities
[118], [119]. In addition, CNTs can be assembled easily into the nonconductive polymer matrix to form
networks that possess electrical conductivity. There are two applications of CNT-based sensors in CPV:
buckypaper (BP) sensors [65], [66], [68], [113] and MXene sensors [66], [67], [68], [115]. The in-situ



monitoring of the strain values for both types of sensors is conducted with the knowledge of the relative
resistance AR/R,. The increase of the resistance measured by these sensors implies that a structure’s
deformation occurs. Thus, this parameter is normally used to describe the sensitivity of these sensors.
The resistance of these sensors can be recorded by the FLUKE 2638A counter as mentioned in [65],
[67]. The relative resistance is calculated by the follwoing equation [113].

R-R,
Ry
where R is the test resistance during loading and R, is the initial resistance before the mechanical

loading.

AR/R, = x 100%, (2)

The BP sensor consists of the dispersed CNTSs in a solvent solution which are then filtrated through a
polymeric membrane to fabricate a film [65]. The preparation method of the BP sensor is introduced in
[65], [120], [121]. They used commercial multi-walled carbon nanotubes (MWCNTS) with a length and
diameter in a range of 30 to 50 nm and 10 to 12 nm, respectively. BP sensor is a three-dimensional (3D)
mesh composed of continuous highly entangled CNTs networks connected by Van Der Waals
interactions. BP sensor has several advantages such as high reliability and sensitivity, resistance to
shock, good stability, lightweight [122], and can be used in places with high curvature. Generally, the
BP sensor has a circular shape illustrated in Fig. 7, but it can be changed according to the desired shape
of the designer.
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Fig. 7. Scanning electron microscopy of BP sensor [66].

The reason that the sensitivity of the BP is not very high, this fact motivates researchers to find a highly
sensitive sensor [66]. Researchers have been encouraged to explore MXene Two-dimension (2D)
materials sensors [123] for SHM purposes thanks to their excellent mechanical properties and high
conductivity. MXene possesses a conductivity of 2.4x 10%S/m which is more significant than other
nanomaterials like CNT around 400 S/cm [67]. The definition of MXene consists of “M” which
represents metal and “X” which is nitrogen or carbon [124]. The piezoresistive response of MXene
sensors is described by its sensitivity and characterized by the rate of resistance change AR/R,.

The structure of the MXene sensor consists of a layered form, so it allows the fabrication of a sufficiently
sensitive pressure sensor with a high compressive property. The preparation and fabrication method of
the MXene sensor is reported in the references [67], [115], [125]. MXene sensors are made generally
on a flexible printed circuit (FPC) from which the embedment sensors are linked to the data acquisition
system. The role of the FPC is to avoid a short circuit between the conductive carbon fibers and the
metallic wires, survive the sensors, and enhance their stability. The FPC thickness is just 0.1 mm, hence
it may decrease the impact defects due to the embedment of the conductive wires. Moreover, a silver
paste that represents a bonding material, is employed to bond sensors and electrodes together on the
FPC. This bonding material helps with contact resistance minimizing at the MXene-electrode interface
[67]. In Fig. 8, we represent four circular shapes of MXene sensors applied on an FPC.
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Fig. 8. MXene sensors details made on FPC [67].

3.3- Fiber optic sensors

Fiber optic (FO) sensors are employed for tracking and monitoring various parameters required to
evaluate the health state of composite structures, especially CPVs. Their primary role is to detect damage
that causes a variation in stiffness, which can be indicated by fiber optic’s changes in their optical
properties, for instance, wavelength, intensity, and polarization [126], [127]. FO sensors are receiving
increasing attention compared to other types of sensors thanks to their crucial advantages such as a
simple way of integration with composite material, small dimension, lightweight, high sensitivity and
continuous monitoring in the long term period, durability, resistance to electromagnetic interference and
authorize multiplexing sensors in the same FO sensor [33], [128]. The fundamental reason to integrate
a FO sensor is that the sensor itself is a fiber that can mix with other fibers of a composite. Nevertheless,
FO sensors are very expensive compared to other types of sensors because of the optical processing
signals and electronic systems. Due to the sensitivity of FO sensor to moisture and chemical
environment, it needs to be protected by a polymeric film, which enlarges the outer diameter of FO to
reach more than ten times the average diameter of reinforcing E-glass or carbon fiber [129], [130]. In
the next section, we discuss the different types of FO sensors used especially in CPVs for monitoring
strain, temperature, and pressurization state. FO sensors applied for this purpose are categorized into
three types: interferometric FO (SOFO®) sensors, distributed FO sensors by OBR technology, and Fiber
Bragg Grating (FBG) sensors.

3.3.1- Interferometric fiber optic (SOFO®)

To the best of the author’s knowledge, FO sensors such as interferometric sensors: (SOFO®) or Fabry-
Perot (F-P) are less frequently employed for composite vessel monitoring [74], [131], [132].
Interferometric sensors carry a single-point detection. Thus, it is hard and difficult to render them
multiplexed. The principle work of an interferometric sensor is based on an extrinsic or intrinsic cavity
located along the fiber, when physical modifications happen to the host structure, it reflects a different
optical phase between two interference light waves [133]. Fabry-Perot sensors can operate at a range of
temperatures from -40 to +250 °C. Add to this also that they are characterized by their high strain
resolution of around 0.15 pe with a range of strain measurement of +5000 pe. The whole system is
constituted of software analysis, sensors, data acquisition, and a reading unit. The standard SOFO sensor
consists of two fiber optics called the reference fiber and the measurement one, and they are contained
in the same protection tube. The measurement fiber is connected to the host structure and tracks the
structure’s changes. The reference fiber is independent of the structure’s deformations. The reading unit
sends the optical signal, or light, through a coupler to the sensor. The light reflects off by mirrors
positioned at the ends of each fiber and returns to the reading unit to be demodulated by a pair of
matching fibers. The information on the structure’s deformations included in the returning light is



decoded in the reading unit and displayed on a portable PC [74]. The setup and components of the SOFO
interferometric sensor system are shown in Fig. 9.

Structure under test
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Fig. 9. Setup and components of SOFO interferometric sensor system [134].

3.3.2- Distributed fiber optic by OBR technology

The Optical Backscatter Reflectometry (OBR) technology was first implemented by Maurin et al. and
Klute et al. [135], [136] in the monitoring of CPVs applications. Then, OBR distributed optic fiber
sensor was used by Saeter et al., Munzke et al., Souza et Tarpani, Liang et al., and Shamsuddoha et al.
[70], [72], [73], [137], [138] in CPV applications. The OBR is an instrument based on Rayleigh
backscattering. They are apt to deliver a continuously measured profile at any location along the length
of the fiber. Aiming at performing and providing a full-field measurement of strain and temperature over
large structures like pipelines and aircraft. Add to this, that this technology of FO permits measuring
strain with a resolution of millimeter range along large distances (up to 70 m) [72], [130].

Generally, an OBR fiber optic sensor has respectively the diameters of the fiber core, cladding, and
polymer coating of d = 6.5 um, D = 125 um and ¢ = 155 um (see Fig. 10).

T
d=65um PTIPHM 4155 um

Fig. 10. Fiber optic constituents schematization.

The Primary Coated Fiber optic (PCOF) characterized by the measuring fiber, is embedded typically in
the composite layup. The PCOF is spliced to a robust Secondary Coated Fiber optic (SCOF), which has
the function of transferring the signal to the outside of the composite tank. In addition, SCOF possesses
a connector port to the LUNA OBR 4600 Apparatus. Luna Innovations [139] is one of the supplier
companies of the OBR apparatus and its software. An explicit description of how to measure the change
of the strain field among composites and the distributed fiber optic sensor OBR is assigned in the paper
of Grave et al. [140]. The OBR fiber optic and its interrogator are shown in Fig. 11.
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Fig. 11. OBR sensor and its interrogator for distributed strain measurement: (a) SCOF with a
connector and a tag. (b) Luna OBR 4600 interrogator [72].

3.3.3- Fiber Bragg Grating (FBG)

FBG sensor represents the most common FO sensor applied for measuring the change of strain
(displacement) and temperature in CPVs application [4], [60], [61], [70], [75], [92], [131], [132], [135],
[141], [142], [143], [144], [145]. It is composed of a silica-based core, surrounded by a silica cladding
and protected from the outside by a polymer coating [32]. A light wave enters the FBG which reflects
the incident light with a specific wavelength and the rest of the spectrum is transmitted. When there is a
variation in temperature or axial deformation, the reflective Bragg wave Ag will shift steadily, resulting
from the changes in fiber size (stretch, compression) and thermal effect [146]. The concept of FBG
detection is that the deformation A, of the CPV is figured out from the offset of the wavelength [147].
A typical schematic diagram for FBG monitoring of CPV is illustrated in Fig. 12.
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Fig. 12. Representation of FBG sensor for CPV [147].

FBG sensors have interesting advantages: their capability to detect and perform local measuring in real-
time on the tank either under dynamic or static deformation. Not like SOFO sensors, FBG sensors have
the capability of multiplexing, it’s feasible to incorporate many FBGs to create a network of sensors
(named quasi-distributed systems), so that is essential when having a complex system of SHM [61]. In
other words, this technique allows to realize several measurements in the same sensor. This feature
allows monitoring the whole vessel structure with less wiring, maintaining a lightweight structure as
compared to piezoelectric and strain gauge sensors [33], [128]. This type of sensor allows local
measurements of temperature and strain over enormous areas and at specifically required zones.
Moreover, it presents a small size (fiber core diameter d = 10 um, cladding diameter D = 125 um,
polymer coating diameter ¢ = 250 um). Furthermore, it is lightweight, durable, immune to
electromagnetic interference and a long-term high sensitivity [61], [92]. The FBG sensor can be used in
many applications such as strain and temperature measurements, resin cure monitoring, process



monitoring, and localization of damage [32]. FBG sensors offer higher precision and accuracy in
measuring strain, temperature, and other parameters due to their localized measurement capability, while
OBR sensors provide distributed measurements along the entire length of the FO.

FBG sensors are characterized by the Bragg law equation, where the reflected Bragg wavelength
depends on the Bragg grating period A (represented in Fig. 12) and the effective refraction index,
following equation [33]:

Ap = 2Nesp A (3)

The presence of local deformation yields grating period variation and modifies the reflected wavelength
consequently, resulting in a local strain according to the following equation [33]:

% = (1 - pe)gv (4)
where p, is the photo-elastic coefficient of the fiber core material with a value of p, = 0.22 in the case
of silica core fiber, and € represents the longitudinal strain.

4- Sensors integration in CPVs

The integration of sensors in CPV may be embedded between composite layers or surfaces mounted on
the external layer of the tank [32]. Embedding systems of sensors offer the possibility of efficient
detection of critical parameters for example strain and temperature variation. Besides, it provides extra
protection from the surrounding environment which improves the sensor sensing accuracy, and enhance
potentially its durability and lifetime [148], [149]. Moreover, embedding sensing systems allows for
sensors to have high sensitivity, stability, and durability [34]. However, this system may face a high
temperature, that may harm the sensor [30], [150], [151], [152], [153], [154], [155]. Ren et al. [155]
studied the temperature effects on embedded PZT signals in SHM for composite structures. The findings
reveal that the signals decrease with increasing temperature from -50 to 70°C. Mahmood et al. [153]
have analyzed the temperature-dependent strain and damage monitoring of glass fiber/epoxy composites
with piezoresistive sensor. They found that the electrical resistivity reduces by approximately 30% when
increasing temperature from zero to 50°C. Kressel et al. [150] have evaluated the temperature effects on
the FBG reading. They concluded that the grating period and the FBG refractive index depend on the
temperature. Moreover, the embedment of a high quantity of sensors may degrade the mechanical
properties of the host composite. In the case of embedded sensors for CPV application, they can be
located directly on the liner and/or among composite plies. According to numerical studies and hydraulic
tests, these represent the zones that are the most stressed in the entire vessel. On the flip side, surface-
mounted sensors are more practical from the implementation point of view, maintenance, and
replacement. It has little effect on material degradation compared with the embedment of sensors
between layers. However, surface-mounted sensors without extra protection may be damaged by
external impact [149]. The use of a sensing system offers a definite substitute for the current non-
destructive evaluation techniques because it cannot be used for continuous monitoring of vessels.

SHM technology is still in development and faces major challenges. To detect damage accurately, not
only an adequate mechanical bonding connection must be presented between the integrated sensor and
the host composite structure but also an adequate placement of the sensor not far from the critical area
is needed for better monitoring. In this way, the sensor is then subjected to the same strain variations as
the host structure. The most appropriate method for choosing the location of sensors is to numerically
model and study the vessel based on the finite element method (FEM). Thanks to this modeling
technique, stress concentration appears on a localized zone in the vessel, whether in the dome,
cylindrical, or/and on the junction between the dome and cylindrical part. Once the stressed zones have
been known, in this way the number and position of sensors can be determined.



The embedment strategy of piezoelectric, piezoresistive, and fiber optic sensors into the vessel layup
consists of the following steps: 1) initiation of the filament winding; 2) pausing the filament winding at
the predefined level; 3) positioning sensors between two layers at their designated locations; and 4)
resuming the filament winding.

In this section, a comprehensive analysis of the sensors' integration in filament-wound CPVs is explored
in a table form. Each table summarizes critical aspects for each type of sensor, including a chronological
sequence, CPV’s type and material, monitored and controlled parameters, sensor layout design and
arrangement in CPVs, loading type, and principal conclusions. This structured format allows for a clear
and organized presentation of data, facilitating easier comparison and understanding of the various
methodologies employed.

In the following, an analysis of the integration of piezoelectric, piezoresistive, and fiber optic sensors in
CPVs is provided through both qualitative and quantitative approaches. Table 1, Table 2, and Table 3
provide detailed schematics of sensor placement and quantity in composite vessels, offering a clear view
of the integration process. The qualitative analysis addresses clarity, precision, vessel shape, materials,
sensor types, and notations, while the quantitative analysis focuses on the number of sensors, accuracy
of numerical values, and sensor placement distances. This approach ensures a comprehensive
understanding of the methods and results, highlighting the methodologies of developing an effective
SHM system.

4.1- Piezoelectric

Herein, the integration of piezoelectric sensors in CPVs is analyzed in some punctual years as found in
the literature. This analysis offers an overview of embedded or surface-mounted piezoelectric sensors
in mainly type 111 CPVs and composite tubes. This type of sensor is used primarily for strain monitoring
and damage detection during cyclic pressure loading or impact tests.

Several studies [63], [92], [64], [62], [156], [96] have explored different approaches for detecting and
localizing damage in CPVs using piezoelectric sensors. A study [63] involved embedding SMART
Layers™ PZT network sensors into a composite bottle during the filament winding process, showcasing
their potential for damage localization through sensor signals in a specific frequency range. The use of
SMART Layer™ PZT attach network sensors has not been implemented since several years ago.
Additionally, PVDF and FBG sensors were embedded in a common type Il CPV to compare their
sensitivity, with PVDF sensors proving effective for dynamic measurements [92]. Another study [62]
focused on bonding PZT sensors on the outer surface of a composite pipe, demonstrating their reliability
for detecting and locating defects like delamination. This study has been investigated via a coin
placement among sensors that results nonlinearities in the propagation of waves. However, from the
author’s point of view, the technique’s reliance on a coin for inducing nonlinearity raises concerns about
its practical applicability in a real-world scenario. Another novel approach employed guided ultrasonic
waves and PZT disk sensors to accurately localize damage under high frequency conditions. This study
demonstrated the effectiveness of PZT sensors in accurately localizing damage under high-frequencies.

Overall, while these studies contribute to advancing SHM technologies in CPVs applications, there is a
need for comprehensive evaluations to address practical challenges and ensure the reliability of these
sensor systems in real-world conditions. The studies conducted above provide valuable insights into the
use of various sensor technologies for damage detection in CPVs. The detailed studies in the literature
concerning the piezoelectric sensor integration in CPVs are summarized in Table 1, chronologically.



Table 1. Piezoelectric sensor integration in CPVs

Monitored
CPV’s type and Piezoelectric sensors layout design and Loadin - .
Year and mateyrli)als controlled arrangement i)rll CPV ) type ) Principal conclusions [Ref]
parameters
2006 Type I Damage bthoop T Impact SMART layers can be  [63]

Liner: detection. test. integrated during the

aluminium filament winding

Composite o process.

overwrap:

carbon fiber § PZT sensors in cach smart layer strip The range of

layers. = 8 spaced sirips containing 5 PZT sensors: frequency 35-65 kHz

Total 40 PZT sensors in the bottle .
2 helical plies Total 5 hoop plies was the best interval to
detect damage to the
bottle through sensor
signals.
2010 Type I Strain ) Cyclic FBG fiber optic [92]

Liner: steel monitoring Vo internal presents an alternative

Composite during B TR | pressure  solution tool when

overwrap: operational ‘f - | loading. comparing it with

glass fiber- service. / piezoelectric sensors.

polypropylene. —— FBG in hoop direction

Two PVDF sensors placed symmetrically

FBG in axial direction

with respect to the vessel axis

Sensors are located on the interface liner-

composite overwrap

In the case of dynamic
measurement PVVDF
sensor technology
proved that it was an
effective tool and it
had a good resolution.
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2016 Type IlI Impact 420 mm R Impact PVDF is areliable [64]
Liner: damage test. bonded transducer
aluminium detection et because they are light
Composite: localization and flexible to bond on
carbon fiber (delamination g oo oo curved profiles.
reinforced and disbonds)
polymer. using guided PVDF sensors are

Lamb wave. Two arrays of PVDF sensors, capable of detecting
each containing 8 sensors and estimating the
Sensors bonded on the outer position of low-
surface velocity impact.

2021 Composite Damage Impact PZT sensors were a [62]
pipe detection l¢200mm_ test. reliable tool for
Composite (delamination - . ; damage detection and
overwrap: ) due to — =N localization of the
glass fiber nonlinearities Cfn R2 1607 source of nonlinearity.
Iayers. of gUIdEd .......................................................... :‘)‘f’og

wave Ra {6054
between ra

transmitter PZT sensors arrangement over the outer surface of
(M) Efmd the pipe

receiver (R)

Sensors.

2022 Type I Damage Low- The localization of [156
Liner: assessment velocity damage was achieved ]
aluminium by strain A | impact accurately using PZT
Composite variation. test. sensors under high-
overwrap: 7T sensors frequency.
ca_rbon fiber Three PZT sensors (10 mm diameter and 0.25 mm
with epoxy thickness) bonded on the surface of the vessel
[90,/+11/
90,/+11/
90,/+11/
+11/70,]
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2023

Type 11 Damage
Liner: impact
aluminium localization.
Composite

overwrap:

carbon fiber

wraps with

outermost glass

fiber layers for

a protective

barrier.

Impact
test.

Sensor array consisting of 16
PZTs, uniformly distributed at
both ends of the cylindrical
region

No information about the
integration locations

PZT sensors can be
used for damage
localization accurately.

[96]
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4.2- Piezoresistive

Here, the integration of piezoresistive sensors into CPVs over the past five years as documented in the
literature is examined. This review provides a summary of piezoresistive sensors embedded between
composite layers or mounted at the interface liner-composite, typically in only type Il CPVs. These
sensors are predominantly used for the detection of vessel bursting, thermal and mechanical strain
monitoring, damage detection, and localization.

Recently, several authors [113], [67], [66], [65], [115], [68] based mainly in China worked only on the
SHM of type Il CPVs through the integration of piezoresistive sensors. By embedding various types
of sensors into the vessel structure, such as MWCNT, MXene, and BP sensors, these studies have
explored novel approaches for in-situ structural monitoring of CPVs. Each study presents unique
insights into sensor integration, sensor orientation, and sensor performance evaluation under different
loading conditions. One such approach [113] by researchers involved embedding MWCNT sensors
within the composite layers, demonstrating their effectiveness in detecting burst actions and correlating
signals with vessel behavior. Additionally, integration of MXene sensors onto CPVs [67] has shown
promise, particularly in fatigue resistance testing where MXene sensors exhibited a regular
piezoresistive response and good correlation between resistance changes and applied pressure. Further
investigation [66] compared the performance of piezoresistive sensors, such as BP and MXene sensors,
revealing differences in sensitivity to microcrack initiation and propagation. Additionally, the
integration of BP sensors [65] proved valuable for permanent damage monitoring, showcasing their
reliability and sensitivity compared to traditional strain gauges. Moreover, the use of MXene sensor
arrays [115] for impact behaviour studies demonstrated their extreme sensitivity to low-energy impacts,
offering efficient real-time SHM capabilities. Combining BP and MXene sensors on FPCs [68] presents
a novel approach for monitoring elastic and plastic deformation, as well as thermal strain. Overall, while
these studies present innovative approaches for CPV’s SHM, continued research efforts are essential to
address technical challenges and monitoring of a type IV and a type V CPV through these piezoresistive
sensors. The aforementioned references for piezoresistive sensors integration in CPVs are all detailed
and summarized in Table 2, in a chronological way.
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Table 2. Piezoresistive sensors integration in CPVs

CPV’s type  Monitored and Pi - | t desi d ti Loadi
Year and controlled iezoresistive sensors ayocl:J esign and arrangement in oading Principal conclusions [Ref]
. PV type
materials parameters

2019 Type I Detection of MWCNT Hydrauli MWCNT sensor’s [113]
Liner: steel the vessel’s c cyclic measured signal
Composite bursting, [ N S test. corresponds to the
overwrap: changes in MWCNT mechanical behavior of
glass fiber- electrical (axial) the composite vessel.
epoxy layers  resistance of
Stacking sensors, and I MWCNT sensors The MWCNT sensor’s
Egc(])gleglce. ?;Lar:?t oring. MWCNT sensors embedded ‘in the middle thickness of the gzst::é;g%e O&:cl It?]\évi)lz?;tthe
(+15°) 50/ composite layers action of the vessel.
90°30]

2021 Type I Record changes Hydrauli  The piezoresistive sensor [67]
Liner: in the hoop and c fatigue  in the hoop direction was
aluminium axial strain o test. less sensitive than the
Composite field. 3 axial direction.
overwrap:
carbon A good correlation
fiber-epoxy between AR /R, strain,
followed by 1l ¢ MXene sensors and the applied pressure
two glass *~—o were observed.
fiber layers Two MXene sensors installed between the last two glass fibre
for layers on COPV
protection
purposes.

2021 Type I Measurement Hydrost ~ BP sensor is more [66]
Liner: of the changes atic responsive than MXene
aluminium in resistance fatigue sensor to the onset and
Composite (AR/R,) due to cyclic propagation of
overwrap: the pressure of test. microcracks in the

carbon.fiber

the vessel.
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-epoxy Sensors layout %c“so-rs o Eol:rjsaosite Composite part of the
followed by oo oo YR S vessel.
two glass I3 -3 ‘
fiber hoop o oo MXene is more sensitive
layers. to the compressive
MXene sensors residual strains or plastic
® BP sensors deformation of the
MXene and BP sensors layout embedded in two regions: 1- on aluminium liner.
the liner-composite interface and 2- between the second and
outer glass fibre layers
2022  Type I Permanently Fatigue BP sensors are more [65]

Liner: monitoring Carbon and reliable and sensitive to
aluminium damage. fibre layers hydrosta  microcrack initiation and
g\(/):rqvl?/?asllt-e BP2 (hoog) BPH.fmal) o tic propagation than strain

p: a1 o o af ) pressure  gauges.
carbon o s test.
fiber-epoxy BP3 (axial BP sensors
followed by @® BP sensors
glass fiber BP sensors arrangement between the first and second glass fibre
layers for 1 1 COPV

. ayers 1
protection
purposes
2022 Type I Monitoring the ggigﬁgym Impact MXene sensor was [115]

Liner: position and the test. extremely sensitive to low
aluminium damage degree energy impact.
Composite caused by low-
overwrap: velocity The sensor was able to
carbon impact. determine the position and
fiber-epoxy 77 MXene sensors Miene location of the impact
;?;L(;ﬁ?ge?y MZXene sensor layout located between glass and carbon fibre fr?;grtlilslc\{\ée(l)lfﬁéh:n ergy’s
unidirection layers of the vessel impact.
al prepreg.
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2022

Type 11
Liner:
aluminium
Composite
overwrap:
carbon fiber
layers.

Thermal strain,
and elastic and
plastic
deformation
monitoring.

MZXene sensors Composite Hyd rauli

oo layers
v 3 3 N300 - 60° ¢
N Y ressure

e _,°® ® \ P -

—21 cycling.

[ =)

o **o °
H H H 240° 1200

[ e ] .

—d MXene sensors 180°

@ BP sensors on FPC
FPC of BP sensors
MZXene and BP sensors embedded in the liner-composite
interface

The combination of
MXene and BP sensors on
FPC could be utilized as
temperature sensors for
materials and sensitive
strain sensors

MXene sensor could
perform multi-directional
strain monitoring more
accurately than the BP
Sensor.

[68]
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4.3- Fiber optic

In this section, an investigation of the integration of various FO (SOFO, OBR, and FBG) sensors in
CPVs as reported in the literature over certain years. This examination outlines the locations and number
of either embedded or surface-mounted FO sensors in various types of CPVs and composite pipes. FO
sensors are essential for monitoring during the manufacturing and lifetime operation. They can measure
strain, temperature, pressurization, and process-controlled parameters (fiber tension, resin
polymerization temperature, ...), and detect and localize damage.

SOFO sensors have been used in type I11 [131], [132] and type IV [74] CPVs. Although interferometric
SOFO sensors have been used for the monitoring of CPVs, their usage remains relatively rare compared
to other fiber optic sensor types. SOFO sensors were embedded sometimes alongside FBG sensors to
assess structural integrity during operational service. Despite their potential, SOFO sensors
demonstrated limitations in defect sensitivity compared to FBG sensors in static and cyclic loading tests.
This raises questions about the effectiveness of SOFO sensors for comprehensive SHM in CPVs,
indicating the need for further investigation into their practical utility and reliability. As mentioned
earlier, one of the biggest drawbacks of SOFO sensors is that it is a point-wise sensors that conduct only
local measurements.

Various studies have investigated the integration of OBR optical sensors in CPVs for strain and damage
monitoring. In the recent ten years, OBR sensors have been utilized across different types of CPVs
starting from composite pipes [137], [157], types 11l [72], [136] and IV [73], [135], [138], [158] until
type V [70] CPVs in the last period. Their use demonstrates their effectiveness in detecting defects and
providing strain distribution information since this sensor can monitor throughout its length. This feature
differentiates it from other types of sensors. Studies employed OBR sensors to continuously monitor
strain along the vessel’s axis and detect damage events. OBR sensors were embedded in hybrid structure
CPVs, proving capable of detecting impacts and accurately localizing damage. Additionally, OBR
sensors were applied in composite tubes for surface mechanical deformation measurement, showing
promising results in strain measurement. The performance of OBR sensors was verified through
hydraulic cycling testing and acoustic emission sensors in type IV CPVs. Note that, the loading type in
CPVs instrumented with distributed fiber optics evolved over the years from hydrostatic tests to impact
and cyclic burst tests. Despite the promising potential demonstrated by OBR sensors, challenges persist
in optimizing their performance and addressing limitations such as susceptibility to environmental
factors and complex signal processing requirements.

Several studies have explored the integration of FBG sensors into CPV for SHM applications.
Researchers installed FBG sensors mainly in composite pipes [60], [76], [143], types Il [75], [92],
[131], [132] and IV [4], [42], [61], [142], and punctually in type V [70] CPVs. Due to their promising
response in measuring deformations, and temperatures and detecting defects, some researchers have
tended to instrument a type IV multi-spherical cryogenic tank with FBG sensors. FBG sensors were
embedded in the interface between the liner and composite overwrap, highlighting their potential for
strain monitoring despite concerns regarding fragility. They were also employed for structural strain
monitoring in composite tubes, showing their success in comparison with strain gauges and finite
element analysis. In all types of vessels for hydrogen or methane storage, FBG sensors proved sensitive
to defects during testing. In addition, FBG sensors were able to monitor continuously the manufacturing
and operation phases of the vessels. The use of FBG sensors for measuring strain changes in filament-
wound products confirmed their reliability. For torque-induced strain recording in composite cylindrical
shaft structures, FBG sensors exhibited sensitivity and applicability in shear-dominated load cases.
Employed with a digital image correlation technique for defect detection and deformation measurement
in high-pressure vessels, FBG sensors proved suitable for SHM applications. FBG sensors demonstrated
effectiveness as quality control tools. Finally, FBG sensors utilized for temperature and strain
measurement in composite tanks proved reliable in cryogenic and room temperature environments.
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These findings collectively underscore the efficacity of FBG sensors in various CPV applications,
providing valuable insights for the development of robust SHM systems.

All the recent studies for fiber optics integration in CPVs are detailed and summarized in Table 3, in a
chronological way and the ascending degree of use.
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Table 3. Fiber optics sensors integration in CPVs

Year CPV’S. type and Monitored and FO sensors layout design and arrangement in CPV Loading type Principal conclusions  [Ref]
materials controlled parameters
Interferometric SOFO sensor
2004 Type IV Strain measurement for SOFO (helicoidal) Hydrostatic A linearity between the [73]
Liner: polymer damage detection on the h 6 burst, cyclic, pressure variation and the
Hybrid composite cylindrical section. ! / / / / and average strain
overwrap: carbon fiber- 5 - temperature measurement was shown.
thermoset resin followed il ar AT A tests
by glass fiber layers in / // /\ K / The damage was
the cylindrical section. 74 . successfully detected
A thanks to a developed
SOFO (axial) with 90° shifting angle between them algorithm.
SOFO sensors embedded between the last carbon fibre
layer and the first glass fibre layer
2010 Type N Strain measurement for | v b l Hydrostatic Similar changes in strains  [130]
Liner: steel damage detection on the R burst test were measured by FBG
Composite overwrap: cylindrical section. - S '| l. I. 'I 'l 'I 'I : 'I 'l ‘I 'I - and SOFO®.
glass fiber layers-epoxy. y 1: -: '. .: .: I'. '. .: ‘. :l .l‘ .1
SOFO®: axial SOFO®: Hoop

Two SOFO® sensors (axial and hoop)
SOFO sensors were embedded between the last two
plies
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2013 Type I

Strain measurement

Hydrostatic SOFO® sensors are less [129]
Liner: steel during the burst and sensitive to defects than
Composite overwrap: manufacturing and cyclic tests. FBG sensors.
carbon fiber. service on the
cylindrical section.
SOFO® sensors: (A, B, C, D: axial) and (E, F: hoop)
All sensors were bonded on the outermost composite
layer
Distributed FO sensor
2014  Type IV. Strain Hydrostatic OBR sensors can detect defects [133]
measurement and burst test. at any point of the vessel and
defects detection provide information about
and localization strain distribution.
on the whole
vessel.
Y
Fiber optics arrangement
2016  Type III, Strain OBR A(hOOP) Hydrostatic OBR sensors are capable of [134]
Liner: aluminium measurement, r ) burst test. delivering explicit strain
Composite overwrap: damage

carbon fiber-epoxy
followed by glass fiber-
epoxy.

detection, and
localization on
the cylindrical
section of the
CPV.

OBR sensors located on the carbon-glass fibre
composite layers interface

profiles over the cylindrical
part of the CPV.

They provide a damage impact

localization on the CPV
depending on the revealed
strain profiles.
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2019 Type i, Strain CBRfoop) OBrR f”j?’ Impact and The hoop placement [71]
Liner: steel domes and measurement - | — hydrostatic configuration is the most
cylindrical polyethylene  during an impact M ! ] burst tests. effective method to detect
mandrel testusingan . 5 o 5 e W - impacts.

Composite overwrap: impactor on the (]! il
carbon fiber- epoxy cylindrical = — R The grid method is useful to
yers section. el o et st afe e T detetthespreading o mpct
omposite stacking amage.
sequence:
[90°,/(£15°),/90°,] OBR fiber optic can precisely
locate the impact.

2021  Type IV Visible impact One OBR Impact and The embedded OBR sensors [136]
Liner: polyethylene damage hydrostatic are an adequate instrument to
Composite overwrap: detection, S burst tests detect visible impact damage
carbon fiber. pressure e e and monitor an internal

monitoring, and
strain profile
measurement
along the entire
vessel.

Helical layer

OBR (hoop)

Hoop layer
Liner

Two
OBR
sensors
(hoop)

OBR sensors schematic arrangement on the vessel

Layup sequence

pressure.

OBR sensors can also monitor
the strain profile along the
whole vessel.

A more effective measurement
with less noise can be obtained
when the FO is aligned with
the reinforcements.
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2021 Composite tubes Strain OBR Hydraulic The measured strains using [135]
fabricated by carbon measurement on &~ sensor biaxial test. OBR sensors while
fiber-reinforced the external experimenting were in good
thermoplastic resin. surface of the 3 mm accordance with numerical
vessel and close Circular FEA results.
to the cut-out hole shape
circular hole. Distributed OBR sensors are a
promising tool for SHM of
thermoplastic composite tubes.
OBR optical fibre placement behind the circular hole on
the external surface of the tube
2021 Type IV Strain \ / \ / Hydrostatic Validation of OBR distributed  [72]
Liner: Polyamide measurementand &/ VT e TwoOBR  purst and cyclic  sensors with AE technique, as
Hybrid composite damage . Cantal) tests. a good tool for strain sensing.
overwrap: carbon fiber  detection. Two / \ / \ / \ /
followed by glass fiber OBR
layers. (hoop)
OBR optical fibres installation (three were embedded
between composite layers and one sensor before the last
hoop winding of glass fibre layer)
2022 TypeV Strain and 11 T Cyclic Not discussed in the [69]
Composite tank with temperature L_] L_l pressurization  experimental results.
T700 carbon fiber witha measurements in [—l [—' followed by
metallic ring on the the transition L&[] J cryogenic
middle part of the section. = hydrostatic
cylindrical section. — Distributed optical fibre tests.

Distributed OF placed on the outer surface of the tank
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2024 Composite tube: carbon  Full-field strain Distributed OF Rayleigh scattering technology Hydraulic static The embedded OBR sensor [155]
fiber-epoxy layers. measurement. loading. effectively captures the strain
changes in the middle of the
cylinder structure, which aligns
i with results obtained from the
strain gauges and finite
element simulation.
OF sensor is embedded in a helical
way along the fibres (located between
the second and third layer of composite
2024 Type IV Strain Distributed OF Rayleigh scattering technology Cyclic The strain recorded by the FO  [156]
Liner: not mentioned measurement - A hydrogen test. ~ sensor measurement has higher
Composite overwrap: along the vessel | D ' g \ values than the strain gauge
carbon fiber reinforced length and ( } { ! [ ' / ! / ! measurement due to the
polymer circumferential S O S T S T I difference in the quantity of the
direction on the \ \ ! \ K \ i bonding adhesive between
cylindrical part. : . L L : them.
Nine distributed OF sensors (bonded on the outer
surface): five placed circumferentialy and four
placed axially with 90° angle between them
Fiber Bragg Grating (FBG) sensor
2010 Type HI Strain measurement. \ Cyclic internal ~ FBG fiber optic presents a [92]
Liner: steel P | pressure good solution to detect strain
Composite overwrap: e b Fommnnnne loading. change, but it needs some
glass fiber- h concerns for its applicability
polypropylene ! because it is fragile.

FBG sensors layout on the liner-composite interface

—— FBG in hoop direction
—— FBG in axial direction
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2010

Type Il
Liner: steel
Composite overwrap:

glass fiber layers-epoxy.

Strain measurement
and damage
detection on the
cylindrical section.

FBG1 FBG3 FBGS
FBG2 FBG4 FBG6

| FBG sensors in hoop direction
FBG sensors in helical direction
(following fibre direction)

FBG sensors positioned on the outer surface of the
COPV

Hydrostatic
burst test.

FBG sensors can monitor [130]
strain changes due to any kind

of defect detection and can be

applied for SHM.

2011 Composite tube: Local strain 3rdply (0°) 4 4thply (90 Inner pressure  FBG sensor is a successful tool  [141]
Glass fiber reinforced measurement. FRG sensor GERP (0 /90)83))) test and outer for in-service SHM of
polymer with a stacking (circumferential) concentrated composite tubes.
sequence of [0/90 A\ - 7 load force.
auence ot {0720k TN
U= U
FBG sensor
(axial)
FBG sensors localization
2013 CPV Type lII, Strain monitoring \ \ Y Hydrostatic FBG sensors are very sensitive  [129]
Liner: steel during the \ \ \ burst and cyclic to defects.
Composite overwrap: manufacturingand ~~ \ | | [ T [ tests.
carbon fiber epoxy. in service on the J , /!
Cylindrical section. —— FBG in hoop dil‘ecl;on
FBG in axial direction
FBG sensors were installed on the outer surface near
flaws
2014 Composite tube, Local strain O | FBG O Hydrostatic FBG sensor is a reliable and [59]
Liner: aluminium measurement. (Hoop) burst test. effective tool for measuring the

Composite overwrap:
carbon fiber-epoxy.

FBG sensors mounted on the external hoop direction
of pipe

strain.
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2018 Type IV,

Liner: PE

Composite overwrap:
carbon fiber reinforced
plastic.

Liner’s deformation,
curing temperature
and time (resin
parameters), vessel
deformation, and
fiber tension
(residual strains).

Curing process optimization by  [4]
setting the appropriate duration

time and the optimal
temperature.

2018

Type IV

Liner: polymer
Hybrid composite
overwrap: carbon and
glass fiber-epoxy.

Strain measurement,
defect localization,
residual strain, fiber
tension, internal
pressure, and resin
polymerization
temperature.

_// I"B(_; 1.2 l-‘]j(;i 1.3 [1;(; 1.4 \ Hydraulic
FBG L1 cyclic test.
CH1 (09
/ FBG2,1 FBG22 FBG23 \
~  FBG24
CH 2 (120°)
/ FBG31 FBG32 FBG33 \
FBG 34
CH 3 (240°)
12 FBG sensors arrangement on the liner surface
F2/3 F2/2 F2/1
| | I
S FI/L (M
' | F3/1 |
F2/4 F2/5 — F2/6
8 FBG sensors arrangement on the vessel external
surface
a) Flaw | Hydrostatic
| _FBG2
_____________________________ FRG3 DO burst pressure
L test.
FBG4 FBGIL
— FBG in hoop direction
— Defect (flaw)

[ |
FBG1 FBG2 FBG3

— FBG in hoop direction
FBG in axial direction
a) FBG sensors and defect localization for
methane storage vessel
b) FBG sensors arrangement for hydrogen
storage vessel
Sensors were attached to the outer surface near flaws

FBG sensors afford a
continuous measurement of

strain on multiple points and

detect and localize defects on

the macro CPV scale.

FBG sensors offer registration
of residual strain for composite
structure’s quality assessment.

[60]
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2019

Type IV multi-spherical
CPV,

Liner: polyamide,
Composite overwrap:
carbon fiber,

Composite sphere layup:
[0,45,-45,90]s

Temperature and
strain measurements
on the outer tank
surface.

= Fecta s Hydrostatic
7 G burst and cyclic
’ Jpoes R pressure test.
FOS1 /ppgp  FBG8 ppga FBG4
| |
FBG12 “ »LII;B\GS H FBG:I/G

y——EBG10 ___ XFBGO > )
FBG11 A e N

Layout of FBG sensors on the tank surface
Sensors were glued to the external surface

The obtained strain recordings
using FBGs were verified with
the finite element analysis
(FEA) in [70].

[140]

2021 Composite cylindrical Torque-induced  FBG2 Static torsion Results showed that maximum [75]
shaft fabricated by strain monitoring. O FBG1 ™ O load. sensitivity is recorded for
carbon fibers/epoxy sensors aligned with carbon
[+55°,+55°, fibers.

'86°, +55°, () FBG3 || FBGﬂlr: BGSO
+55°,+86°, . . . . Surface-mounted results
o o — Aligned with fibre orientation . . .
+55° %55 ] — Circumferential direction Con.StItUte a Vl.able. option for
Axial direction strain monitoring induced by
FBG1, 3, 5 were embedded among composite layers torque.
and FBG2, 4 were surface-mounted
FBG sensors can be employed
in shear-dominated load cases.

2021  Type IV Strain measurement 190 mim FBG11 Hydraulic FBG sensors can be used for [41]
Liner: high-density and damage hse  pie  FBGIO el <l cyclic test. the detection of defects and
polyethylene, detectionand - fe R — R— R = - o) measuring of liner’s
Composite overwrap: identification. FEGI FHG2 FBG3 e ANy deformation. Results were
carbon fiber composite. P FBG6 FBGS confirmed with the FEA

— FBG in hoop direction
FBG in axial direction
FBG sensors fixed on the liner surface

model.
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FBGI FBG4 FBG7

2022  Type I Strain measurement 0 Impact test. The integration of the FBG [74]
Liner: 6061-T6 during winding for / _ \ 0° sensor array in the liner is a
.. . FBG2 FBG5 FBG8 R
aluminium, quality control, o ‘ . - valuable technique for
Composite overwrap: impact detection, / FBG FBG6 \_ 2a) 200 recording the full production
carbon fiber epoxy, and localization. 5108 process.
Composite stacking: / \
[903/£15,/905] 8 FBG sensors fixed on the liner surface FBG sensors can be used to
take preventive measurements
of damage detection and
localization.
2022 TypeV Strain and et o3 Cyclic FBG sensors based on strain [69]
Composite: T700 carbon temperature S . BB pressurization measurement are qualitative
fiber with a metallic ring measurements. 3 PTI0O0 | ok R o followed by sensors to be used in cryogenic
on the middle part of the - cryogenic or room temperature.
cylindrical section. — FBG of chamnol A hydrostatic
- FBG of channel B tests.

FBG temperature sensors
FBG sensors arrangement on the outer surface of the
vessel
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5- Mechanical impact and composite degradation due to

embedded sensors

The degradation of mechanical properties in fiber-reinforced polymer composites is a significant
challenge when embedding sensors within the material. This is mainly due to a mismatch in mechanical
properties and poor interface properties, where the degradation generally occurs [82], [159], [160]. No
matter the integration method used, inserting a sensor into the composite material causes a gap between
layers, forming a resin pocket around it. This depends on the shape and size of the object. The effect of
sensors integrated into the structure may be harmful and cause premature failure of the CPV structure.
In the literature, we can find numerous works exploring the impact of embedding piezoelectric,
piezoresistive, and fiber optic sensors in composites. Therefore, in this paper, the impact of embedding
these sensors is investigated. The target of this investigation is to overcome or reduce as much as
possible the negative effect of embedding sensors on the material’s properties degradation.

The composite is a heterogeneous medium. Under mechanical loading, the resin is weak in tension and
strong in compression; the fiber is weak in compression and strong in tension. The combination of these
two materials ensures the best properties of each component. In consequence, a zone rich in one of these
two components is a weak zone. The fact that plies just above and below the inclusion “sensors” are
continuous and possess a bending stiffness implies that they cannot perfectly surround the surface of the
inclusion [161]. For that, sensors embedded in a composite medium are generally surrounded by a resin-
rich region or resin pocket. This local wave caused by resin pocket disturbs not only the values of the
field variables measured (stresses, deformations, etc.) but also may cause inter-laminar damage because
it acts as a discontinuity in the composite [161], [162], [163], [164]. The form and size of the resin
pocket depend on the diameter or shape of the sensor, the stacking sequence, and the filament winding
tension force.

5.1- Piezoelectric

PZT sensors have been integrated into a composite material before its manufacture in such a way as to
monitor its health in situ. To do this, it is necessary to use sensors as small as possible and in particular
with small thicknesses. Regardless of the integration technique, when a foreign body is incorporated
into the material, a degradation of its mechanical characteristics can be observed [165]. This degradation
is more severe if the wrong integration technique is chosen. The choice of the integration method of the
piezoelectric sensor depends mainly on the sensor itself (shape and size) and the existing defect detection
field.

For a laminated composite, two techniques for implanting piezoelectric sensors are described in the
literature [166], [167]. The first consists of cutting a part of the composite reinforcements at the location
of the sensor and integrating it during its manufacture called “cut-out”. This method doesn’t generate
resin-rich pocket regions around the sensor and researchers [168], [169] have demonstrated that PZT
incorporation in the heart of laminates glass fiber with epoxy reduces slightly their mechanical strength
in static and fatigue. However, it is impossible to use this method during tank manufacturing because
the fibers cannot be cut while performing the filament winding process. The second technique is to insert
the sensor directly between the layers of the composite without cutting the fibers. In this way, a resin
pocket will form around piezoelectric sensors which correspond to the case of FOs embedment in
perpendicular direction with respect to the reinforced fibers. Another problem is its flat shape, which
may cause a delamination between the two adjacent plies to the sensor.

Hufenbach et al. [94] have studied experimentally by a tensile test the damage caused by piezoelectric
sensor embedment in glass fiber-reinforced epoxy specimens. They observed no initial damage in the
sensor zone, as shown in Fig. 13 (a), but noted delamination just before final failure, depicted in Fig.
13 (b). They found a degradation of 5 to 10% for the stiffness and 5 to 20% for the tensile strength.
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Fig. 13. Microscopic graphs of a [0/90]s tensile specimen with embedded piezoelectric sensor: (a)
after manufacturing; (b) after final failure [94]

Huang et al. [170] have realized a numerical analysis of the stress concentrations that occur at the level
of a sensor with a rectangular shape. This sensor is integrated into a unidirectional glass fiber composite.
Under tension loading, a stress concentration has been produced at the corner of the sensor due to the
geometry and discontinuity of materials near the sensor. This stress concentration may initiate a matrix
cracking on the sensor’s corner on the interface resin-sensor coating. Konka et al. [171] have examined
the impacts of embedding piezoelectric sensors (PZT) on the integrity of composite laminates made of
glass fiber with epoxy resin. They conducted a numerical simulation to investigate the stresses across
the embedded PZT sensor in the composite. The numerical study demonstrates that high-stress
concentration is located on the corner edge of the sensor. The tensile test applied on composite laminates
with embedded PZT showed a reduction of ultimate strength by 6%. Finally, they concluded that PZT
sensors are not well-compatible with composite laminates. Lammens et al. [172] presented a finite
element approach for resin pockets modeling around random and arbitrary inclusions in terms of
geometries (square and curved) and materials (silicone and epoxy) embedded in composite materials.
These inclusions have somehow the shape of piezoelectric sensors. They compared the force-
displacement curve predicted in finite elements with the one measured in experimental tests. They
performed 3-point and 4-point bending tests with the inclusion location close to the tension and
compression side. The resultant finite element model predicts accurately the resin pocket geometry and
presents a prospect for exploring different geometries to get the optimal geometry of inclusion.

Piezoelectric sensors have been integrated into composite materials for in situ health monitoring,
requiring minimal sensor size and thickness to mitigate mechanical degradation. The integration
technique significantly impacts the composite's mechanical properties. Two primary methods for
embedding PZT sensors in laminated composites are described: the "cut-out™" method, which involves
cutting composite reinforcements to embed the sensor and does not create resin-rich pockets, though it's
unsuitable for filament winding processes; and direct insertion between composite layers, which forms
resin pockets and may cause delamination. Studies have shown varied effects on mechanical strength,
with tensile tests revealing degradation in stiffness and tensile strength. Numerical analyses highlight
stress concentrations at sensor corners, leading to potential matrix cracking.

5.2- Piezoresistive

Xiao et al. [173] studied the effect of embedded thin-film cells of 0.1 mm thickness within carbon fiber
composite laminates. This film thickness can be considered as a flexible printed circuit. A resin-rich
region is formed around the device and its geometry increases when it’s embedded near transversal
direction plies. The results show that the tensile strength of the composite was reduced by 6%. However,
the stiffness demonstrated negligible change and it remain almost unaffected. The decrease in tensile
strength is the consequence of a delamination initiation and propagation near the device. Javdanitehran
et al. [174] studied the effect of embedded printed circuit board (PCB) sensors on the mechanical
behavior of glass fiber-reinforced polymer structures. The PCB plays the role of a flexible printed
circuit. The embedment of this sensor generates a resin-rich zone in the surroundings of the sensor. This
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resin-rich region causes stress concentration around the sensor and forms a site for the initiation of
damage, which may lead to delamination. Several factors influence the geometry and size of the resin-
rich zone such as the stacking sequence, number of plies, and thickness of the sensor. Thicker sensors
may lead to higher ply waviness which reduces the bending and tensile strength. The ply waviness angle
increases with decreasing number of the plies (see Fig. 14 a and b). The contribution of the sensors to
the whole tensile modulus of the specimens is negligible in the unidirectional laminate (0°,). This is due
to the higher tensile modulus of the plies. When the tensile modulus of the laminate is smaller than that
of the sensor, the sensor impact negatively the stiffness of the laminate and it gets worse with the
increased size of the sensor.

[ ——

(b)
Fig. 14. Resin rich region formation in unidirectional plies: (a) 10 plies; (b) 6 plies [174]

Chen et al. [175] studied the impact of the embedment of piezoresistive sensors in glass fiber-reinforced
composite. They embedded mesh film and solid film MWCNT sensors in specimens to test them in
tension and bending. The results show that the embedded mesh film has a negligible impact on the
mechanical properties of the composite. However, the solid film sensor leads to a severe decrease in
both tensile strength (-15.6%) and flexural strength (-35.5%). Thus, the embedment of film cells may
also create a resin-rich region depending mainly on the thickness of the film and the orientation of the
adjacent layers. The embedding of such sensors affects negatively the mechanical properties of the
composite like strength and stiffness.

Embedding thin film piezoresistive sensors within carbon fiber composite laminates forms resin-rich
regions that can reduce tensile strength due to delamination, although stiffness remains unaffected. The
presence of PCB sensors in glass fiber-reinforced polymers creates stress concentrations around the
sensors, leading to potential delamination, with the impact influenced by factors such as stacking
sequence, ply number, and sensor thickness. Thicker sensors intensify ply waviness, reducing bending
and tensile strength. Piezoresistive sensors embedded in glass fiber composites show that mesh film
sensors have minimal impact, while solid film sensors significantly decrease tensile and flexural
strength, highlighting the importance of sensor flexibility and thickness, and layer orientation in
preserving composite mechanical properties.

5.3- Fiber optics

Integrating sensors among composite layers is crucial for data quality and structural integrity, affecting
material properties. Theoretically, the stiffness and strength degradation of composites depend mainly
on the angle between FO and reinforced adjacent plies, and FO diameter [130].

Previous studies were carried out to characterize the effect of FO sensor embedment in the bulk of the
composite structure. In this paper, the extreme two cases are presented, firstly when the FO is parallel
to the reinforced fiber (FO is in the same direction as reinforced composite fiber) and secondly when
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the FO is perpendicular to the reinforced fiber. The mechanical properties of the host composite evolve
with respect to the angle between FO and the adjacent plies. When the angle between FO and adjacent
plies decreases, the mechanical properties of the composite are enhanced.

In the first case, the angle between the FO and the reinforced fibers is 0°. It is noted in the literature that
the distribution of reinforced fiber around the FO is uniform [176]. Therefore, this type of FO orientation
can minimize the defects and alteration of the mechanical properties. In this context, the FO plays the
role of a reinforced fiber and hence it supports a part of the loading. From this point of view, this
integration method has little impact on the resistance and modulus of the structure even if FO sensors
are positioned in critical zones [72], [177], [178].

However, the severity of the material’s properties impairment increases as the angle between the FO
and the nearest ply direction rises, to attain a maximum value of 90° which corresponds to the worst
case of placing the FO perpendicularly or transversally to the reinforced fiber direction [179]. This
results in the formation of an “eye” configuration and voids in the resin, representing a resin pockets
geometry on the FO surroundings [162], [164], [180], [181], [182]. The modulus of elasticity of the
resin pocket is significantly lower than the host composite. In consequence, the resin pocket acts as a
“hole” in the structure and can lead to ruin by delamination [130]. Fig. 15 a and b show a micrograph
image of the cross-section of unidirectional composite laminate with FO embedment.

—— ==~ Resinpocket

Fig. 15. Micrograph images of FOs embedded in unidirectional (UD) composites : (a) FO parallel to
CFRP [39]; (b) FO oriented perpendicularly to UD composite direction [164]

Another factor that can intensify the degradation of the mechanical performance of composite material
is the diameter of the FO. Ramakrishnan et al. [130] have reported that because the outer diameter of
FO is 10 to 15 times larger than reinforced fibers, it acts as a localized defect which may cause the
failure of the composite structure. To overcome this problem, FOs with a small outer diameter of 90 um
may be used. The size of the resin pocket is directly proportional to the FO diameter and the bending
stiffness of the host composite material. In other words, resin pocket length tends to increase with the
diameter of FO and the bending stiffness of composites. Sharma et al. [3] have introduced the filament
winding machine parameters that play a significant role in the performance of the vessel in terms of
better weight performance, minimum winding defects, and high fiber volume fraction. They mentioned
that the tension applied on the fiber while performing the filament winding process has an important
effect on the structural performance of the tank since it affects the fiber volume fraction of the composite
material. Rising the fiber tension induces a deformation, which can squeeze the polymer resin out
increasing the fiber volume fraction. In other terms, lowering the tension of fiber is incapable of
removing the excess quantity of resin which yields resin pocket formation around FO sensors.

Ma et al. [183] published an article concerning the prediction of resin pocket geometry created around
the inclusion of rigid fiber in a composite laminate. They analyzed the influence of stacking sequence
and the angle of plies close to the inclusion on the size of the resin pocket. They conducted an
experimental study by comparing the size of resin pockets for six different stacking sequences. The rigid
fiber (inclusion) was embedded at the level of a symmetrical plan for each sequence consisting of eight
plies. The angles of plies near the inclusion are 0°, 15°, 30°, 45°, 60°, and 75°; where 0° corresponds to
the configuration where the orientation of plies near the inclusion is perpendicular to the direction of the
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rigid fiber inclusion. The relative length of the resin pocket is characterized by (a* = a/ry), where a is
the width of the resin pocket and ry is the radius of the inclusion as shown in Fig. 16 a. They found that
the angle of plies near the inclusion has a greater influence compared to those far from inclusion. Hence,
the size of the resin pocket depends largely on the plies close to the inclusion. Consequently, the size of
the resin pocket decreases when decreasing the angle between the inclusion and adjacent plies
orientation until they are aligned and have the same orientation to get the minimum size of the resin
pocket, as can be seen in Fig. 16 b. Thus, to minimize the degradation of the composite’s structure
performance, the size of the resin pocket must be minimized as much as possible. To ensure this
condition, the smallest possible diameter of FO must be used and the FO sensor should be embedded
near the plies having the smallest possible angle between them.

Laminate Y 12

Angle between inclusion

Inclusion (rigid fiber) ~ o Lo and ply direction

w0k 1019 RN, ¢
N2 ——

S e
rd

\

=014 | -

N | Ply
8F . v
w46

]

N

Z: inclusion
. diretion

QQQQRQQ
boooooo
d

B

0bbbobO

%

(79
‘Yo abal

~ Resin pocket

| |
I 2a 1

Fig. 16. Inclusion embedment in a laminate: (a) resin pocket schematization; (b) variation of the
relative length of resin pocket with the angle between inclusion and plies orientation [183]

Al-Shawk et al. [162] evaluated stress concentrations in the resin pocket considering different diameters
and forms of vascular channels. These channels play the role of FO sensors. On the one hand, they have
studied numerically the effect of variation of four diameters (0.4 mm, 0.6 mm, 0.8 mm, and 1 mm)
embedded in the following four stacking sequences: [0]i¢ , [90]1¢ , [90/0]4s and [0/90],s. They
showed that a larger vascular diameter induced higher stress regions. They also studied the effect of two
shapes of vascular channels “circular and elliptical” on the stress concentration at the resin pocket. A
decrease in stress is observed near the vascular when an elliptical configuration is used instead of a
circular one despite having the same cross-section. This reveals the advantage of using elliptical instead
of circular vascular shapes for lower stress concentrations. Fig. 17 a shows the model geometry,
boundary conditions, and loading. Fig. 17 b, c, d, and e illustrate the longitudinal stress distribution in
the resin-rich pocket for a vascular diameter of 1 mm, corresponding to [0/90],s, [90/0]4s, [0]1¢ and
[90],¢ stacking sequences, respectively. It was revealed that for UD 90° the stresses are more
concentrated near the vascular area; which is not the case for UD 0° where a homogeneous distribution
takes place. Concerning the [90/0], and [0/90],, Sstacking sequence, stresses have values between
these two extremes. Fig. 17 f, g, h, and i represent the stress contour in the resin-rich region in the case
of [0/90],, stacking sequence for various vascular diameters of 1 mm, 0.8 mm, 0.6 mm, and 0.4 mm,
respectively. As can be seen, the zone of higher stress is larger when the vascular diameter is 1 mm
compared to other smaller diameters. At the top of the vascular channel (point B as mentioned in Fig.
17 a, the longitudinal stress is higher compared to the one close to point C. Fig. 17 j and k represent the
longitudinal stress contours for 1 mm circular vascular size and a vascular elliptical shape, respectively.
A drop of stress was observed close to the elliptical form of the vascular channel compared with the
circular one at the level of the resin-rich pocket.
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Fig. 17. Longitudinal stress contours at the level of resin pocket region near a vascular channel
embedded in a different composite stacking sequence: (a) geometrical model with boundary conditions
and loading; for a vascular diameter of 1 mm (b) [0/90]4s; (€) [90/0]4s; (d) [0]16; (€) [90]46; for a
stacking sequence of [0/90],, the vascular diameter (f) 1 mm; (g) 0.8 mm; (h) 0.6 mm; (i) 0.4 mm; (j)
1 mm circular vascular size and (k) a vascular elliptical shape with the same cross-sectional area [162]

Fedorov et al. [182] analyzed numerically the stresses in the vicinity of FBG embedding in 20 layers of
carbon fiber-reinforced composite. They conducted a comparative study of FO embedded in a laminated
composite with different layer orientations near the fiber optic and a homogeneous orthotropic medium.
The following three configurations of stacking sequences were analyzed [0/0] where FO is parallel to
reinforced fiber, [90/90] FO is perpendicular to reinforced fiber, and [0/90] as shown in Fig. 18 a. A
resin pocket is not formed for the case of parallel embedment of FO to carbon fibers. However, a
maximum eye shape of the resin pocket is formed for the case of perpendicular embedment. A load P,
was applied perpendicular to the FO and parallel to composite layers, and the coordinate axis can be
seenin Fig. 18 b. They concluded that the following two conditions can eliminate the formation of resin
pocket and stress concentration across the FO: 1) the FO diameter must be less than the thickness of the
composite layer; 2) the direction of FO must coincide with the unidirectional layer orientation. They
also concluded that the obtained calculation based on the homogeneous model has predicted a high-
stress concentration across the FO as shown in Fig. 18 c. Thus, they found that the multilayer model
must be used to obtain accurate results of stress concentration.
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Fig. 18. FO embedded in polymer composite material: (a) representation of each case study regarding
the embedment of FO in composite reinforced polymer; (b) coordinate axis; (c) stress distribution
across FO [182]

The mechanical properties of composites, such as stiffness and strength, depend on the angle between
the fiber optics and the adjacent reinforced plies, as well as the FO diameter. When FOs are aligned
parallel to the reinforced fibers, the integration method minimally affects the composite’s mechanical
properties, as the FOs support part of the load. However, when FOs are embedded perpendicularly, it
results in resin pockets and defects, leading to decreased elasticity and potential delamination. Reducing
the angle between the FO and adjacent plies, and using smaller diameter FOs, minimizes resin pocket
size and preserves the composite’s structural performance. Additionally, the tension applied during the
filament winding process and the stacking sequence of the plies influence the formation of resin pockets
and the mechanical integrity of the composite.

5.4- Mechanical aspects of sensor integration

The mechanical integration of piezoelectric, piezoresistive, and fiber optic sensors into CPVs requires
meticulous attention to sensor size, embedding methods, and precise placement to minimize defects and
maintain structural integrity. Piezoelectric sensors, known for their high sensitivity in dynamics loading,
must be carefully positioned to avoid creating stress concentrations that could impact the integrity of the
composite structure; these sensors are typically embedded during the lay-up process, where layers of
composite materials are arranged and consolidated. Piezoresistive sensors, which are often smaller and
more flexible, necessitate integration techniques that ensure robust adhesion while preserving the
mechanical properties of the composite. This is critical to prevent any alterations that could weaken the
mechanical strength of the vessel. Fiber optic sensors, valued for their exceptional accuracy and minimal
size, are usually embedded along the reinforced fiber paths within the composite matrix. This strategic
placement ensures that the sensors align with the structural fibers, providing precise monitoring data
without adding significant bulk or creating stress points within the composite. The parallel embedment

38



of FO sensors along with the reinforced fibers prevents the generation of resin pockets around the sensor
which acts as a weak region.

6- CPV’s SHM system discussion

6.1- Summary of sensors

This review article provides an overview of the most trending used sensors in the application of health
monitoring of composite vessels. Table 4 summarizes and compares the main characteristics of these
three types of sensors described above. They are arranged according to their descending degree of use
in CPVs application.
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Table 4. Main characteristics of sensors used for CPV’s monitoring

Sensor’s Sensor’s Specifications and Monitored Mechanical impacts Advantages Disadvantages [Ref]
type technology characteristics parameters
- Strain . [32], [42],
resolution ~ 1 Dlscrete and L [61], [70],
e - Megsuregnents of multiple . - Limited f [130]
strain an I measurements o assessment o ’
i ;enr:igie\:ﬁturf 10 temperature SSOd (t:r? T;lpa;'b't"ty of temperature and damage [181]
Hvity = - Monitoring of the with he hos strain over enormous location
FBG sensor pm/°C . composite d C
- Adaptable for CUring process No stress concentration areasandat = - 0SS
CrVOgenic - Detection and due to the circular sh specifically required sensitivity of
te%pgerature localization of o??hgser?sgrrs?u ar shape zone strain-
e m TSR . Largel mperatur
269°C damage Elimination of resin te?:k?r?o{oz;cepted temperature
pocket with parallel FO
FO - Strain Delaminati No influence on the Conti [32], [72],
Sensors resolution = 2 Dzn&:g"ga on stiffness and strength of mggsll?rlé%::nt of - Costly [73],
OBR ue i Straing the material when the rofiles at an interrogation [130],
technology - Operating FO is placed parallel to proti y system [181],
- Temperature ; : location along the
temperature ~ - |~ STPT the reinforced fibers lerath of the fiber [184]
40 3 300°C Decreases the stiffness g
_ High strain - Monitoring of the and strength by 5% - Difficult to [32], [74],
Interferometric res%lution _ curing process when the FO is placed High sensitivity of multiplexed [130],
(SOFO®) or 0.15 e = - Strain perpendicularly to the temperature and - Brittle [131],
Fabry-Perot (F- | J erg i - Temperature reinforced fibers strain - Cross [132],
P) sensor P g - Damage Flexibility of sensor sensitivity of [181]
temperature -40 Vibrati . .
to +250°C - Vibration size strain-
temperature
- Strain . . Flexible film sensors Resistance to shock L [32], [65],
Piezores resolution ~ - Damage detection have minimal impact Possess good - Primarily [67],
o BP and MXene 2.68 ue - Thermal and . Ima’ Impact, €SS g restricted to [113],
istive . . while solid film sensors stability .
sensors - Temperature mechanical strain L . . insulated [114],
Sensors P . significantly decrease Lightweight .
sensitivity = - Changein . . - composite [115],
- . tensile and flexural Used in places with :
0.105/°C electrical resistance . materials [173],
strength high curvature [185]
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Resin pocket generation
due to the shape of the
sensor

Stress concentration
around the corner of the
Sensors

Nanocarbon materials
bring a mechanical
reinforcement effect

The higher
sensitivity of
damage for MXene
compared to BP

\Verv chea Complex form | [32], [62],
. Strain Stress concentration ery b compared to [63], [92],
- Strain High mechanical
L measurement around the corner of the FO sensors [94],
sensitivity = . strength
. Cracks detection Sensors ! Long cable [156],
Piezoele 5V/ue oo . . High .
. . Sensitive to Resin pocket generation . connection [186]
ctric PZT and PVDF | - Operating : electromechanical -
microdamage due to the shape of the Sensitive to
Sensors temperature ~ - ; . response )
20 to +60°C Acoustic emission sensor small size high
Damage Decreases the stiffness Onerating in a wide temperatures
localization by 5to 10 % P g Limited to
frequency range X
dynamic use
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6.2- Discussion and prospect

The goal of the proposed discussion is to furnish a SHM system for building a foundation for the
upcoming experimental work of researchers. A good SHM system enables precise detection of critical
parameters such as strain and temperature, reduces the probability of composite material degradation,
and provides appropriate protection of sensors from external environmental effects. The type, number,
position, and size of sensors represent significant factors to be identified to define the best SHM system
for CPVs. From a mechanical performance point of view; when designing an SHM scheme for CPV, it
is crucial to have sensors possess the following features lightweight, small dimensions, adaptable
geometry with the host material, little deficiencies induction, high sensitivity, good damage monitoring
ability and signal transmission, and preferably low price. This section gives a quick overview of a few
concerns to keep in mind while conceiving a SHM system for CPV application.

Piezoelectric sensors such as PZT and PVDF are less commonly used for monitoring CPVs.
Piezoelectric sensors are characterized by their high mechanical strength and cost-effectiveness
compared to fiber optic sensors. They can be mounted on the vessel’s outer surface or embedded within
composite layers, enhancing their durability and sensitivity to structural deterioration. Despite their high
electromechanical response and versatility in dynamic conditions, piezoelectric sensors face challenges
such as reduced effectiveness in static conditions and sensitivity to high temperatures. Their complex
form can cause stress concentrations around the sensor corners, and the extensive cabling requirements
may negatively impact the structural performance.

Over the past five years, the integration of piezoresistive sensors based on carbon nanotubes thin film
networks, such as BP and MXene, has advanced significantly in the field of filament-wound CPVs.
Embedding nanomaterial-based sensors for SHM in-situ serves to obtain damage information due to the
disruption of the conductive network film, signaling strain in the composite. Nanocarbon material can
also provide a reinforcing effect by enhancing the mechanical properties of the composite vessels. This
type of sensor can be employed as a self-sensing strategy since it is based on nanocarbon materials. The
BP sensor is characterized by its high flexibility, reliability, resistance to shock, and higher sensitivity
than the MXene sensor to the onset and propagation of microcracks in the composite part of the vessel.
While the MXene sensor could perform multi-directional strain monitoring more accurately than the BP
sensor, extremely sensitive to the low energy impact and the compressive residual strains or plastic
deformation of the aluminium liner. Despite their advantages, the integration of such types of sensors
may create stress concentration around the corner of the sensor which may initiate matrix cracks, create
a resin pocket near the sensor due to its shape, and decrease the tensile strength of the composite
materials.

Embedding sensors in composite structures can affect their mechanical properties. To address these
challenges, several methodologies can be explored to mitigate their mechanical effects:

o Flexible embedding techniques [175], [187], [188], [189], [190]: utilizing flexible embedding
methods can help in distributing the mechanical stress more evenly and reduce the impact on
the structural integrity of the composite material. Techniques like soft polymer encapsulation
and flexible circuit designs can be effective in this regard.

e Adaptive interfaces [191]: developing adaptive interfaces that can conform to the shape and
movement of the composite material can minimize stress concentrations around the embedded
sensors. This can be achieved through the use of materials with similar mechanical properties
to the composite or through design optimizations that allow for better load transfer.

e Low-Profile sensor designs [192], [193]: designing low-profile or thin-film sensors can
significantly reduce the mechanical disturbances caused by sensor embedding. These sensors
can be integrated with minimal disruption to the composite's structural performance.

o Integrated strain relief mechanisms [194]: incorporating strain relief mechanisms can help in
managing the stress and strain around the embedded sensors. These mechanisms can include
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the use of buffer layers, compliant materials, or special geometrical features that absorb and
dissipate the stresses.

By implementing these methodologies, the adverse mechanical effects of sensor embedding in
composite materials can be mitigated, ensuring that the structural integrity and performance of the
composites are maintained while achieving effective SHM.

The selection of the sensor’s type is of great importance to have the appropriate SHM system. Among
the used sensors in the CPV application, fiber optics reveal the top trending sensor to meet the structural
integrity requirement of CPV. The choice is made on FOs (FBG ones) sensors thanks to their special
geometrical and working characteristics. The FO sensor itself is a fiber that can mix with the other
reinforced fibers of the composite shell. Unlike other sensor types, FO sensors have a cross-sectional
circular shape which can eliminate the stress concentration across the FO which may cause a matrix
crack initiation. Additionally, FBG sensors can perform multiple measurements (ex: strain and
temperature) through a single FO due to their multiplexing feature. They have a high sensitivity to
monitor damage or strain changes in the structure compared to other sensors.

To complete the design of the SHM system, the number and positioning of FO sensors must be
determined in an optimized way. With the help of FEA numerical simulation, the CPV should be
simulated in FE software concerning its working conditions (fatigue cycling, bursting, etc.). Based on
the analysis of the result’s simulation, the number and localization of FO sensors can be then determined
in the critical stress concentration zones. Although the embedment of FO sensors among carbon fiber
composite layers has notable benefits to detecting efficiently the controlled parameters in real-time, they
might create locale discontinuities within the load-bearing composite structure and degrade their
mechanical properties. To overcome this problem, the analysis of the recent literature stipulates that
wounding more extra glass fiber layers onto the cured carbon fiber reinforced plastic composite layers
can solve this problem. This solution takes place when installing FO sensors among the external glass
fiber layers which will prevent the negative influence on the strength and fatigue resistance of the vessel
as carbon fiber is the main load-bearing. These glass fiber layers serve also as a protective coating layer
for sensors against external harsh environmental conditions (temperature, impact, humidity, etc.). One
more important thing that affects the strength and stiffness of the composite shell in the vessel is the
angle between the fiber optic and the relatively closest composite layers' orientations. Theoretically,
placing the FO in parallel with the reinforced nearest plies helps in load carrying, reduces the formation
of resin pockets, and maintains a uniform consolidation around the FO, which results in minimizing
defects and decreases the deterioration of the composite’s mechanical properties. Choosing a smaller
diameter of FO can also reduce the formation of resin pockets around the sensor.

Recently, the integration of emerging technologies, such as artificial intelligence (Al), machine learning
(ML), digital twins, and advanced data analytics, represent a significant advancement in the field of
CPVs [49], [195], [196], [197]. The conducted analysis of publication trends using the keywords
“Composite Pressure Vessel” and “Machine learning” between the years 2005 and 2022 underlines this
growing interest, highlighting the advancement of this research field. The analysis is limited to some
filters including an article document type and an English-language article. As can be seen in the
publication trends (see Fig. 19), the degree of use of machine learning-based SHM has been growing
largely from the beginning of the year 2020. These technologies are transforming the landscape of SHM
by enabling more sophisticated and efficient approaches to predictive maintenance and real-time
monitoring. Al and ML technologies need vast amounts of data generated by sensors to develop models
and algorithms that can predict the structural health of CPVs with high precision. The algorithms can
process and analyze large datasets from SHM systems, identifying patterns and anomalies that may
indicate early signs of damage. By learning from historical data, ML and Al models can predict the burst
pressure and failure to proceed with the maintenance for service life extension. Therefore, Al systems
can automate the diagnostic process, providing real-time insights and recommendations without the need
for extensive human intervention [195].
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While Al and ML offer promising advancements in the development of CPVs, they also present several
challenges. One major issue is the extensive data requirements for Al, where the quality and accuracy
of the data significantly impact the model’s reliability and effectiveness. In the context of CPV storage,
obtaining comprehensive data on their behavior and performance may be limited, pretending a
substantial challenge. Additionally, Al models are susceptible to biases, either from the data used or the
algorithms themselves, potentially leading to inaccurate predictions or recommendations, which is
particularly concerning for safety-critical systems [195].

The analysis of the literature shows that the critical zones of the vessels are mainly in the middle of the
vessel, the junction cylinder-dome, near the boss, and the interface liner-composites. This review
highlights the significant potential of sensor technologies used for monitoring CPVs. To maximize the
practical impact of our findings, it is crucial to translate these strategies into real-world applications. For
instance, implementing these advanced sensors in aerospace, automotive, energy, naval, and chemical
industries for liquid and gas storage can lead to more reliable and safer CPVs. Future research should
focus on optimizing sensor integration methods within CPVs in particular to further minimize their
impact on structural integrity and improve their durability in various operational conditions. In addition,
SHM has become a growing trend in various industrial sectors. Nowadays, it is widely applied due to
its rapid data and signal processing capabilities, providing accurate and reliable information to feed Al
and ML models for predictive maintenance.

One of the most significant advantages of implementing health monitoring systems in CPVs is the ability
to continuously monitor the state of the structure throughout its entire life cycle. However, CPVs have
often been in service for decades and are exposed to various environmental factors such as moisture,
heat, and aging. The factors might affect both the sensors and the collected data, raising critical questions
about the long-term reliability [198] and accuracy of health monitoring data. The durability of FO sensor
is affected by factors like construction work or operator mistakes that can cause cable breaks [199]. In
this study [199], a FO sensor was subjected to water and ice for 16 years. As a result, cracks and damage
occurred on the polymer coating of the FO sensor. Beyond construction activities, aging might be
intensified by other factors: the impact of water [200], [201], and the effect of high-power laser
emissions [202], potentially causing permanent harm to the connectors.

The durability of piezoelectric sensors and the reliability of their generated data might be affected also
by the aging and degradation of the bonding itself [203], [204]. It was reported a 9% reduction in the
static capacitance of PZT after 500 cycles thermal cyclic aging between -55 °C and 85 °C [203].
Humidity and water could induce the degradation of thin-film PZT sensors. PZT sensors are susceptible
to humidity, which can accelerate time-dependent dielectric breakdown more than in dry environments
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and significantly affect the dynamic performance of PZT devices. For 95% relative humidity, a severe
deterioration of the device’s dynamic behaviour is depicted [205]. Del Bosque et al. [206] have
evaluated the mechanical and sensing performance of piezoresistive sensors under hydrothermal aging.
They found that the diffusion coefficient is higher in the case of GnPs adopted samples than MWCNT
ones because GnPs present very good barrier properties due to their 2D geometry. Piezoelectric MXene
sensors tend to oxidize easily when exposed to water, air, and light, which affects the stability of the
sensor [207]. When exposed to those environmental conditions, the metallic electrical conductivity and
other properties deteriorate with respect to their oxidation degree.

7- Conclusion

The distinctive aspect of this review lies in its detailed overview of existing studies on the integration
of sensors into composite vessels, focusing on different sensor types, their positioning, and their impact
on the structural integrity of the vessels. This paper offers a comprehensive review of the most relevant
sensors, either available in the market or created in the laboratory for SHM purposes of self-sensing
CPVs structures. The goal of this article is to provide information about the types of sensors used for
CPVs monitoring. Additionally, it aims to furnish information regarding their integrations into CPVs,
including controlled parameters, arrangement, and positioning. Furthermore, the paper addresses the
aspect of composite materials degradation due to sensor embedding, emphasizing the importance of
SHM strategies that minimize negative impacts on the mechanical performance of composite vessels.

Various sensor technologies including fiber optics (FBG, OBR, and SOFOQ), piezoelectric (PZT,
SMART layers and PVDF), and piezoresistive (BP and MXene) have been explored for monitoring
CPVs. FBG sensors are predominantly used in type IlI, IV, and V CPVs. OBR sensors are used for
damage monitoring and strain measurement along the length of the fiber optic in type 111 and IV vessels,
while SOFO sensors have limited applications in CPVs monitoring. Piezoelectric sensors like PZT or
PVDF are less common due to their thickness relative to composite layers. Recently, piezoresistive
sensors (BP and MXene) have been incorporated in only type Il vessels. Sensors integration can be
surface-mounted or embedded, with trade-offs between ease of installation and maintenance versus
precision and mechanical alteration of the vessel’s mechanical properties. Understanding the interaction
between sensors and the host composite material is essential for determining an appropriate placement
for the embedded sensors.

FBG sensors are the most recommended for CPV monitoring due to their multiplexing capability and
minimal impact on mechanical performance. Embedding them among additional layers and parallel to
fiber directions enhances the durability and accuracy of the measured parameters. Integrating SHM
systems into CPVs enhances safety and reliability, and reduces maintenance costs by enabling
continuous, in-situ monitoring throughout the vessel's service life, as these structures operate under
critical loadings and temperatures.
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