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Abstract

:

The industrial and technological sectors are pushing the boundaries to develop a new class of high-pressure vessels for hydrogen storage that aim to improve durability and and endure harsh operating conditions. This review serves as a strategic foundation for the integration of hydrogen tanks into transport applications while also proposing innovative approaches to designing high-performance composite tanks. The goal is to offer optimized, safe, and cost-effective solutions for the next generation of high-pressure vessels, contributing significantly to energy security through technological advancements. Additionally, the review deepens our understanding of the relationship between microscopic failure mechanisms and the initial failure of reinforced composites. The investigation will focus on the behavior and damaging processes of composite overwrapped pressure vessels (COPVs). Moreover, the review summarizes relevant simulation models in conjunction with experimental work to predict the burst pressure and to continuously monitor the degree of structural weakening and fatigue lifetime of COPVs. Simultaneously, understanding the adverse effects of in-service applications is vital for maintaining structural health during the operational life cycle.
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1. Introduction


The study proposed by Barthelemy et al. [1] provides an overview of hydrogen storage vessels, emphasizing the challenges and constraints of hydrogen energy applications. Specific issues related to high-pressure storage are addressed, and each technology is described in terms of materials, manufacturing, and approval tests. Barthelemy et al. [2] provide an overview of hydrogen storage technologies, emphasizing the importance of storage techniques for the success of hydrogen energy markets. Various storage methods, including compressed gas, liquefied gas, cryo-compressed gas, and hydrides are discussed, see Figure 1. Each type of hydrogen tank represents a trade-off between cost, weight, and performance, tailored to specific application needs. Hydrogen tanks are classified into five types, regarding their material composition and design. (a) Type I: all-metal tanks, typically made of steel or aluminum. They are heavy, robust, and simple to manufacture. Least expensive but also the heaviest type and suitable for stationary applications. (b) Type II: metal liner with a partial composite wrap (usually glass or carbon fiber). They are lighter than type I due to the composite wrap. The metal liner maintains structural integrity. They have intermediate applications where some weight savings are beneficial. (c) Type III: common in automotive applications and other mobile uses, they are made from a metallic liner (typically aluminum), fully wrapped with a composite material (carbon fiber). They are significantly lighter than type II, offering a good balance between weight and cost. (d) Type IV: plastic liner fully wrapped with a composite material (carbon fiber), leading to very lightweight and corrosion-resistant tank but higher cost due to the extensive use of composites. They are ideal for automotive and aerospace applications where weight reduction is crucial. (e) Type V: all-composite tanks with no metal or plastic liner. Consequently, they are extremely lightweight and offer the highest performance in terms of weight and strength. Although they are the most expensive due to advanced materials and manufacturing processes, they represent an emerging technology, primarily in high-performance and advanced applications.



Rousseau et al. [3] investigated the influence of interweaving in filament-wound tubes on mechanical performance and studied damage growth in high interwoven structures under internal-pressure loading. Humberto et al. [4] explored filament wound cylinders under a buckling load by employing a genetic algorithm, with the goal of maximizing the axial buckling load. The optimal fiber path configuration involves a thickness build-up along helical crossover zones and strategic winding angles, requiring superior design. The stress analysis and damage evolution of aluminum carbon fiber or epoxy composite were investigated using the classical laminate theory [5].



Over time, numerical models have been developed to study the delamination and debonding of the fibers from the matrix, matrix cracking, and crack growth in composite materials in general [6,7,8]. Additionally, numerous homogenization methods have been introduced to characterize the composite materials numerically [9]. An asymptotic homogenization technique was used in [10] to model carbon fiber-reinforced polymers (CFRPs) for type III composite pressure vessels. Camara et al. [11] established an analogy between the failure of unidirectional carbon fiber-reinforced epoxy plates and filament-wound carbon fiber composite pressure vessels. Using multiscale modeling, they revealed that composite failure was driven by fiber breakage, and that the clustering of fiber breaks determined the ultimate reliability of the structure. They used statistical analysis to determine the range of lifetimes and evaluated failure probabilities as a function of internal pressure, providing insights into safety factors for damage accumulation. Finite element modeling was employed to assess stress and damage in carbon fiber–epoxy COPV [12]. Design parameters such as lamina sequences, ply thickness, and fiber winding angles were optimized for burst pressure capacity. The Abaqus Composite Modeler generated COPV models, revealing uniform stress strain distribution with peak values at the polar boss section. The study employs ASTM D2585 standards and evaluates failure modes using the Hashin [13] damage initiation criterion, Tsai–Hill, Tsai–Wu, and maximum stress and strain criteria. A numerical procedure was proposed to assess the fatigue performance of a compressed natural gas (CNG) composite cylinder [14]. The procedure combines an optimization algorithm with finite element simulations (FESs) and response surface analysis (RSA). Refueling conditions were considered in the scenarios with internal pressures ranging from 20 to 200 bar. RSA was used to evaluate the effect of various design parameters on the fatigue life of the tank. Here, the thickness of the composite and the orientation of the fibers were considered as design parameters, while the maximum principal stress was an objective function during the optimization procedure. Hong et al. [15] evaluated the mechanical behavior of type III hydrogen vessels with carbon/epoxy composite layers. They modeled each composite layer independently and considered temperature-dependent material properties and winding patterns. A review by Zhang et al. [16] focused mainly on failure analysis and prediction models for composite high-pressure vessels. The review highlights the most widely examined topics in both types of vessels (type III and type IV) such as damage, fatigue life, burst pressure prediction, failure modes, and collapse blistering of the liner. A methodology for studying the progressive failure of type IV composite pressure vessels was introduced in [17]. Various failure criteria were used to predict the damage initiation (e.g., maximum stress, Tsai–Wu, Tsai–Hill, Hashin, and Puck). Lapczyk et al. [18] presented an anisotropic damage model for predicting failure in fiber-reinforced materials. They considered four failure modes separately and used Hashin’s initiation criterion. A statistical approach was proposed to estimate the fracture strength of the COPV [19]. The study provided an analysis based on experimental results of various specimens. The initiation and evolution of delamination in glass/epoxy composites under various loading modes and the resulting R-curve for mixed-mode bending apparatus were investigated [20]. Hydrogen storage, delivery options and safety of infrastructures were discussed [21], and recommendations were proposed to provide a foundation for future risk and reliability analysis.




2. Design and Simulation of COPVs


The performance of a high-pressure vessel depends on the geometry and thickness of the liner as well as the winding pattern, the winding parameters, and manufacturing techniques, see Figure 2. The left-side figure displays the tank’s response to internal pressure, depicted as axial strain. The right-side figure provides a close-up view of the tank wall, illustrating both the liner and the composite shell. Previous issues, such as damage modeling developments, failure analysis, and finite element implementation, were addressed thanks to developments in numerical simulation and the optimization of COPV for hydrogen storage. The methods predicted burst pressure, strength reliability, and lifetime of vessels. Emphasis was placed on lightweight design concepts combining advanced numerical methods and manufacturing techniques, and the role of numerical simulation and optimization in the design of composite vessels. Filament winding patterns were made for an arbitrary surface, considering the orientation angles through the thickness using Abaqus. The research underlines the importance of considering variations in winding angles throughout the thickness of the composite shell for accurate analysis of filament-wound composite structures [22,23]. Sharma et al. [24] focused on the liner geometry, as it significantly affects the load-bearing properties and winding patterns of the COPV. For COPVs with a similar volume, six different dome shapes—namely isotensoid, hemisphere, paraboloid, and three variations of ellipsoid with heights of 180 mm (I), 120 mm (II), and 75 mm (III)—were analyzed. Additionally, a finite element model was created to estimate the burst pressure and failure characteristics, and this model was validated experimentally. The results indicate that the isotensoid and ellipsoid (II) dome shapes have superior burst performance, with values reaching 77 MPa. However, it was concluded that the most suitable dome profile was the ellipsoid (II), with a height of 120 mm, due to its comparatively large internal volume. Kumar et al. [25] investigated the effect of steel liner thickness on the burst pressure and deformation in COPVs. A series of trials for the burst pressure was conducted using both a theoretical approach (Barlow’s equation) and finite element analysis (FEA) approach. The thickness of the composite structure was kept constant at 3 mm in all trials, while the liner thickness varied from 1 to 3 mm. The results indicate that the tank with an equal thickness of metal and composite layer had the highest burst strength and stiffness. The FEA delivered results in close agreement with the analytical results. In a related work, Belardi et al. [26] presented a bending theory for composite shells for analyzing the behavior of pressure vessels. This theory is particularly useful in the transition zone between the cylindrical part of the tank and domes, revealing elevated stress fields in which the membrane theory falls short. Validated through parametric studies, the analytical framework provides accuracy and stability, that are needed for the preliminary design of COPVs, especially linerless vessels (type V).



2.1. Continuum Damage Modeling and Micromechanical Analysis


Composite structures are commonly utilized in the aerospace, automotive, marine, sports, and infrastructure industries, due to their high strength-to-weight ratio [28]. However, complex damage propagation and risk of failure of these structures [29] have to be taken into consideration. Damage of composite structures may occur during manufacturing (e.g., due to overheating) [30] or operation (e.g., due to static overload, shock, and fatigue) [30]. According to [31], damage such as delamination, interface debonding, fiber breakage and pull-out, fiber waviness and wrinkling, and matrix cracking may occur on different scales, see Figure 3.



A predictive damage and design model for pressure vessels was developed based on continuum damage mechanics (CDM) evolution, and a FEA [33]. The model was used to investigate the damage in cryogenically compressed vessels subjected to thermomechanical loading and to predict the vessel integrity. Ramirez et al. [34] used a CDM model to simulate the behavior and burst of hyperbaric pressure vessels. The model utilizes damage directions related to the orthotropy axes and tensorial function representation. Different damage modes, such as fiber breakage, matrix cracking, and delamination, were studied [35]. Wang et al. [36] developed a progressive failure algorithm based on the micro-mechanics of failure (MMF) theory and the material property degradation method (MPDM). The MMF predicted failure initiation at the constituent level, while MPDM accounted for post-failure behavior. The study uses a linear damage evolution law to control damage progress and implements this micro-mechanics-based approach in Abaqus.



The Hashin failure criterion is a widely adopted approach for foreseeing damage onset in composite materials. Often employed as the primary ply failure criterion, it is conveniently integrated into Abaqus software as a built-in feature [27]. In the context of unidirectional fiber-reinforced composites, the Abaqus anisotropic damage model accounts for four distinct failure modes regarding fiber and matrix ruptures. This renders it a potent tool for predicting composite material behavior under diverse loading conditions. Once a material surpasses a damage initiation criterion, further loading induces a decline in the material’s stiffness. The degree of degradation is governed by damage variables, ranging from 0 (no damage) to 1 (complete damage). For a comprehensive understanding of the methodology behind the computing of these damage variables for each failure mode, refer to [27,37].




2.2. Molecular Dynamics Modeling


Hybrid composites containing carbon fibers with carbon nanotubes, nanoplatelets or silica nanoparticles dispersed [38] in an epoxy resin have been implemented extensively in hydrogen vessels. In particular, the epoxy resin used in most cases for such applications is based on glycidyl ether of the bisphenol A (GEBA) chemical compound [39,40,41,42,43,44,45,46], although there have been cases where vinyl ester type epoxies [47,48,49,50,51] have been used in hydrogen tanks. In this section we discuss research studies based on microscale simulation methods, such as the classical molecular dynamics (MD) [52] of this epoxy or even thermoplastic resins and their composites, focusing mainly on the prediction of mechanical, thermal and dynamic properties. The curing simulation for the epoxies is conducted in LAMMPS open source code [53] consisting of three main steps: a curing step, the annealing of the system, and the equilibration of the epoxy system as depicted in Figure 4. To ensure high curing rates without resorting to artificially large distance cut–offs, a mixing procedure was implemented where cross-linking reactions were temporarily halted [54]. This involved an annealing simulation followed by an equilibration simulation until the target curing extent was reached [54]. This procedure was applied to the diglycidyl ether of the bisphenol A (DGEBA) precursor and 4,4′ diaminodiphenyl sulfone (DDS) hardener creating a simulation cell of 11.9 nm, as can be seen in Figure 5.



2.2.1. Mechanical Properties


Atomistic molecular dynamics models were used to predict not only the molecular-level interfacial but also the mechanical behavior [55] of carbon nanotubes (CNT) embedded in an epoxy matrix. Numerous epoxy systems (di-, tri-, and tetra-functional epoxies) were implemented [56]. It was shown that tri- and tetra-functional resin epoxies demonstrated higher moduli than those of di-functional resin for CNT concentrations up to 5%wt [56]. At higher CNT concentrations, the tri-functional resin epoxy outperformed the other resins in terms of stiffness, owing to its strong interaction with CNTs and its inherently high bulk stiffness [56]. Such composites can be studied by multiscale simulation methods combining atomistic simulations and micromechanics incorporating information from the atomistic level as can be seen in Figure 6.



In another atomistic simulation effort of epoxy (DGEBA/DDS) and CNTs, the stiffness of the nanocomposite was calculated [57]. The epoxy network was built, using Consistent Valence Force Field (CVFF), by using the ‘dendrimer’ evolution approach where 75% of epoxy sites were cross-linked [57]. In particular, it was shown that the epoxy was verified to be isotropic, using the transformation law for a 4th order tensor, as can be seen in Figure 7a [57]. The elastic and shear moduli of the epoxy are reduced when the temperature is reduced and can be seen in Figure 7b.



The elastic behavior of the graphene nanoplatelet (GNP)/carbon fiber composite was examined through multi-scale modeling and analysis [58]. The study identified the significance of graphene volume fraction, GNP dispersion, and strain rates on the composite’s mechanical properties [58]. The analysis involved constructing a computational molecular dynamics model, incorporating multilayer GNP within the epoxy composite, along with micromechanical modeling [58]. The predicted outcomes indicated that the elastic response of the hybrid composite improved with higher GNP volume fraction, better dispersion, and increased strain rates [58].



In another simulation effort, a coarse-grained model of (bisphenol-F-diglycidyl-ether-3,5-diethyl toluene-2,4-diamine) was developed to investigate deformation, cavitation, and fracture at the microscale. To do this, data obtained from quantum and molecular mechanics simulations were coarse grained [59] into an effective interaction potential featuring beads, in the coarse-grained model, that mimicked 100 nm scale material’s building blocks. The model allowed the bridging of the time-length scale problem toward tensile test, thus reproducing the deformation and structure characteristics registered for strain rates of   10  − 1    to   10  − 5    s−1. This enabled the analysis of Viscoelasticity, plasticity, and yielding parameters using “post-atomistic” simulation models that preserve the mechanics of the underlying epoxy at length scales of 0.1 to 10  μ m [60].



Molecular dynamics simulations were also used to characterize multilayer graphene-reinforced epoxy composites [61,62]. Two different configurations were examined: graphene layers parallel or perpendicular to the polymer-graphene interface. While the configurations had similar strengths, the parallel orientation exhibited cohesive yield accompanied by strain localization and voids formation in the polymer, whereas the perpendicular orientation exhibited interfacial debonding [62]. These different mechanisms led to different post-yield behaviors and provided insights into the development of predictive models for carbon fiber polymer composites [62].



Position restrained (PR) MD simulations were applied to epoxies and composites containing epoxy and CNT [63]. A detailed analysis showrf that the aromatic rings tendrf to form  π -stacking interactions with the CNT, and compounds containing aromatic rings were more inclined to wrap around the CNT [63]. Furthermore, the aliphatic amine exhibited stronger interactions with the epoxy resin than the aromatic amine did, because of hydrogen bonds [63]. This work demonstrated that curing agents affected the interactions between epoxy resin and CNT, and thus the ultimate performance of epoxy-CNT polymer composites [64] is expected to be influenced by these two reverse interactions [63].



The interface of graphene-epoxy nanocomposite was studied using MD by calculating the work of separation and traction-separation [43]. The functionalization by grafting hydroxyl, carboxyl, and carbonyl groups of the graphene layers on the traction-separation behavior was also examined [64]. The results demonstrate that the maximum traction is significantly higher for functionalized graphene/epoxy nanocomposites compared to pristine graphene [43]. The work of adhesion also showed a clear difference in the interface behavior of functionalized graphene-epoxy nanocomposites and pristine-epoxy resins with the presence of functional groups leading to increased values of work of separation [43].




2.2.2. Thermal Properties


Atomistic simulations were implemented to different epoxy systems in order to investigate the thermal expansion coefficient using non equilibrium MD (NEMD) [65]. A schematic diagram of the NEMD simulation is shown in Figure 8. As can be seen in Figure 8a, the NEMD waswas conducted with constant energy, maintained by adding kinetic energy to both sides and simultaneously subtracting an equal amount of energy at a constant rate from the center of the simulation system. The thermal conductivities of DGEBA/4,4′-DDS at various crosslinking degrees are shown in Figure 8b. It can be seen that the thermal conductivity increases almost linearly with the degree of crosslinking [65]. The mass densities of DGEBA/4,4′-DDS crosslinked to varying extents were determined based on the average of the final equilibrium and can be seen in Figure 8c [65]. The density is seen to increase with the degree of crosslinking [66]. The denser the epoxy, the lower the number of site vacancies, which leads to higher thermal conductivity [65].



Atomistic MD models were used to show the effect of nanofiller such as carbon nanotube(CNT) on the glass transition temperature (  T g  ) behavior of cross-linked epoxy-CNT nanocomposites [67,68]. It was found that the nanocomposite containing dispersed CNTs [69] showed a decrease in the   T g   by ≈66 K in comparison to the neat cross-linked epoxy, whereas such a large decrease is absent in the nanocomposite containing aggregated CNTs [68].



A multiscale approach combining MD and FE methods to assess the effective thermal conductivity of graphene epoxy nanocomposite was developed [70,71,72,73,74,75]. First, MD simulations investigating thermal conduction of graphene epoxy assembly at atomic scale were used. The results indicated that the thermal conductivity of single–layer graphene decreased by approximately 30% in the epoxy matrix with two different hardener chemicals. Using MD, the thermal boundary conductance (TBC) between the crosslinked epoxy and the graphene sheet [70] was calculated. In a simulation effort of epoxy (DGEBA/ DDS) and CNTs the thermal expansion of the nanocomposite was calculated and compared with experimentally measured dilatometric curves as can be seen in Figure 9 [57]. The simulated data agree well with the experimental curve in the range of −50 to 150 °C. The linear thermal expansion coefficient was measured to be 54.4  μ C−1.



In another atomistic MD simulation study, the inclusion of Polyhedral oligomeric silsesquioxane (POSS) (at 5 wt.%) into the epoxy resin led to a weak tendency on lowering the volume thermal expansion coefficient but it did not alter the   T g   [77]. Amido amine functionalized CNTs that formed covalent bonds with cross-linked epoxy resins were implemented in order to elucidate the role of the matrix-nanofiller interphase in the enhancement of thermo-mechanical properties in these nanocomposites [78]. Despite the presence of rigid CNTs in the nanocomposite, the Young’s modulus remained almost the same as that of the neat cross-linked epoxy [78]. This suggested that the compressibility of the matrix-filler interphase affected the CNTs’ effectiveness in reinforcing the epoxy matrix [78]. Moreover, when the compressibility of the interphase was reduced by using amido-amine functionalized CNTs, there was mechanical reinforcement due to the nanofiller, resulting in an increase in the Young’s modulus by ≈50% compared to the neat cross-linked epoxy resin [78]. The functionalization of the CNTs also restored the   T g   to levels comparable to those of the neat polymer and additionally resulted in a nanococomposite with an increased thermal conductivity by ≈12% in comparison to that containing pristine CNTs [78]. These results demonstrated that the functionalization of the CNTs facilitated the transfer of both thermal energy and mechanical load across the epoxy resin-filler interface [78].



Another system containing different-sized silicon carbide (SiC) nanoparticles was investigated by atomistic MD. The thermal expansion coefficient and the stiffness of the composites at different temperature were calculated. As a result, the   T g   was improved by embedding the SiC nanoparticles. Concerning the thermal expansion coefficient and and elastic moduli of nanocomposites, a particle-size dependency was clearly observed above and below the   T g   [79].




2.2.3. Dynamic Properties


Atomistic MD simulations were used to study the effect of nanofillers (such as CNTs) on Tg of cross-linked epoxy-carbon composites.



In another study containing a resin that can be used for type IV hydrogen tanks, such as polyamide 6 (PA6) or polyamide 11 (PA11) and high-density polyethylene (HDPE), the hydrogen permeability [80] was investigated by means of atomistic MD simulations. Both the diffusion coefficient and hydrogen permeability of PA6 increased with a rising test temperature but decreased with increasing pressure. In particular, the diffusion coefficient, calculated from the mean square displacement (MSD) over time, during this pressure range, decreased slightly with the increased pressure as can be seen in Figure 10 [80]. Temperature did not have a strong effect on permeability coefficients as can be seen in Figure 11, due to the increased hydrogen kinetic energy, which made diffusion in the polymer easier. The solubility coefficient of PA6 showed no no substantial variation with changes in test temperatures and pressures [80].





2.3. Dome Thickness Effect


A numerical procedure combining Matlab and Abaqus software to demonstrate the effect of the dome influence on the mechanical performances of the composite pressure vessel was implemented [82]. This technique reduces the effort and time necessary for developing the finite element model. A Matlab script integrates the dome profile differential equation based on the key geometrical parameters, and then exports the whole generated profile of the tank to Abaqus. New methods for optimizing the dome thickness distribution and liner charge pressure in a 70 MPa type IV hydrogen storage vessel are also introduced. The lay-up of the cylindrical section is designed utilizing the netting theory, while the precise dome thickness is predicted via a cubic spline function. Various failure criteria and a progressive damage model assess safety using a finite element analysis. Under 70 MPa internal pressure, both maximum strain and stress remain below yield strength, preventing vessel burst [83].



In another study, the effect of the dome geometry on the stress response was investigated [84]. Here, the stress is evaluated at the dome–cylinder interface for each dome contour. Important secondary stresses were observed at the transition zone between the dome and the cylinder. Numerical and experimental results were compared for the multilayer pressure vessel. It was found that the stresses in the dome–cylinder region drastically affect the failure mechanism, see Figure 12. The dome thickness at the polar opening is a key parameter for load-bearing capacity prediction of composite hydrogen storage vessels. A new method to predict this parameter accurately was proposed [85] based on the fiber slippage and tow redistribution. The presented method had a higher prediction accuracy, i.e., the maximum relative error of the predicted thickness was 4.19% compared with the actual measured thickness.



Sun et al. [86] employed FE to calculate the burst pressure of motor cases (a type of composite pressure vessel). They explored the effects of material performance and geometrical nonlinearity on the relative loading ability of the dome. The findings offer insights into factors influencing the bursting pressure of the composite pressure vessels. Another study proposed methods for designing the dome thickness distribution for type IV hydrogen storage vessel using the netting theory for the cylindrical section and a cubic spline function for the precise dome thickness prediction. The study employs various failure criteria in a finite element analysis. The findings offer valuable insights for designing type IV hydrogen storage vessels with improved structural integrity [83].



An optimization of the dome contour design for vessels based on a shape factor was conducted by Liang et al. [87]. The study investigated the optimal design of dome contours, considering geometrical constrains, winding features, and the failure criterion of Tsai–Wu. Results suggest that the dome contours, designed using the proposed method, exhibit stronger structures and a greater internal volume than approaches. The authors concluded that the method is useful for optimizing dome contours in filament-wound composite pressure vessels. Another study [88] addressed this by introducing an enhanced cubic spline function and a new parabola method, considering stacking effects. The simple and adaptable parabola method demonstrated high consistency in modeling composite pressure vessels, which has proved valuable for design purposes.




2.4. Progressive Failure and Burst Analysis


The contribution of Wan et al. [89] gives a detailed review of the micromechanical modeling of progressive failure in fiber-reinforced composites, where the authors highlighted that micromechanics shows promise for assessing mechanical properties and failure mechanisms in FRP composites. Improvements are needed, including a physics-based constitutive model for fibers, a consideration of manufacturing-induced defects, in situ polymer behavior, and friction effects in micromechanical models. The failure and bursting mechanisms were investigated within a parametric study in a fiber-wound composite vessel using the maximum strain criterion and the Tsai–Wu failure criterion [90], see Figure 13.



Another study focused on predicting the first ply failure pressure in composite pressure vessels [91], which is crucial in the aerospace, transportation, and medical industries. Finite element simulation, using the Tsai–Wu and maximum stress failure criteria, assesses burst pressure, considering laminate stacking and orientation angles. Two winding designs, laminates A and B, with different helical winding orientations in carbon/epoxy composites, were studied. Laminate A sustained a maximum burst pressure of 55 MPa, while laminate B reached 45 MPa, both with a stacking sequence of up to 20 layers for a constant vessel thickness. Furthermore, a method was proposed to predict the burst pressures of type III filament-wound CFRP composite pressure vessels, considering the inhomogeneity of carbon fiber packing [92]. Stress analyses account for carbon fiber volume fraction variations. The proposed method enables the consideration of local fiber breaking before catastrophic fracture, and quantitatively estimates changes in burst pressure due to differences in volume fraction. A probabilistic analysis endorsed by experimental tests was proposed to predict the response of composite vessels [93] under operating conditions. The effects of random design variables on structural behavior were quantified. Additionally, the study verified the accuracy of probabilistic analysis through comparisons with experimental results and discussed the sensitivities of the response regarding the design variables.
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Figure 13. Postmortem picture of a hydrogen tank after burst failure. Reprinted with permission from [94]. 






Figure 13. Postmortem picture of a hydrogen tank after burst failure. Reprinted with permission from [94].
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Son et al. [95] simulated the autofrettage process of a type III hydrogen pressure vessel using finite element analysis. This process involves applying internal pressure to the vessel beyond its elastic limit, causing plastic deformation of the inner layers. When the pressure is released, the outer layers compress the inner layers, inducing beneficial residual compressive stresses. This enhances the vessel’s ability to withstand high internal pressures, improving fatigue life and resistance to stress corrosion cracking. The study analyzes stress distribution and generated residual stresses to determine the most appropriate autofrettage pressure. The article also predicts failure under minimum burst pressure using various failure criteria for anisotropic composites, contributing valuable insights into the autofrettage process for type III hydrogen pressure vessels. Wu et al. [96] conducted stress and damage analyses on composite overwrapped pressure vessels with an aluminum liner using numerical simulations with a progressive damage model. The initiation and the distribution of various damages were studied, and the effects of damage evolution on burst pressure and autofrettage pressure were analyzed. Tsai et al. [97] developed a strength theory for anisotropic materials using a function of two strength tensors. They addressed coordinate transformation, independent interaction terms, and material symmetries. The study [98] evaluated crack behavior in type III high-pressure hydrogen vessels using the ply modeling method and the extended-FEM. The failure criteria based on maximum principal stress and displacement were applied to analyze cracks in the carbon fiber-reinforced plastic layer. The results identify weak points and contribute valuable insights in order to enhance the safety of high-pressure hydrogen vessels, see Figure 14.




2.5. Fatigue Analysis


Zheng et al. [99] established a 70 MPa fatigue test system using a hydrogen medium to evaluate the strength and fatigue of composite hydrogen storage vessels in realistic hydrogen environments. The experimental study showed a notable decrease in ultimate strength and fatigue life compared with hydraulic fatigue tests. The findings contribute to understanding fatigue properties, failure behavior, and safe charging/discharging working modes of onboard hydrogen storage vessels. Kim et al. [100] examined the effect of damages (scratches, cuts) on the fatigue life of composite high-pressure vessels for natural gas vehicles. They combined experiments and finite element analyses, and found an increased impact on fatigue life with deeper flaws and longer lengths.




2.6. Structural Optimization


The concept of variable angle was applied in order to manufacture composite cylinders using filament winding [4]. The cylinder was divided into regions with different winding angles along the axial direction. Each design was optimized for maximum axial buckling and axial compression. The technique showed buckling strength, stiffness, and absorbed energy that were substantially higher than in the constant-angle configuration. Composite tubes under pressure were also investigated using the CDM approach and a progressive failure analysis [101]. Burst pressure was accurately predicted using the Abaqus software and was then compared with the experimental results. The model was then used in a novel optimization procedure to better predict the stacking sequence of the tubes under various loading conditions.



Another study presented a FEA for a 700 bar-compressed hydrogen storage type IV tank [102] that was used to optimize the dome shape, winding angle, and layer thicknesses. Another research work examined optimal design methods for producing filament-wound cylinders capable of withstanding internal pressure [103]. The study compares two methods that have been developed: one based on basic composite pressure tubes with gradual damage and enumerative optimization, and the other a more sophisticated FEM utilizing Reddy’s progressive damage law and GA optimization. The results facilitate a comprehensive understanding of the advantages and limitations of each method, contributing to the derivation of simple design rules and calculation strategies for efficient CPU cost and efficiency ratios.



Xu et al. [104] optimized the design of high-pressure hydrogen storage vessels using an adaptive genetic algorithm. They considered the burst pressure as a constraint, and the winding thickness and angles as design variables. They compared their results with a simple genetic algorithm and Monte Carlo optimization. Other methodologies exist, based on genetic algorithms and simulated annealing, to minimize the weight of type IV compressed hydrogen pressure vessels [105]. High-resolution FEM and computer simulations demonstrated up to 9.8% and 11.2% reductions in weight compared with previous optimization research.



FEM was used to evaluate stress and damage in a COPV with a 4 mm thick aluminum liner, considering factors such as lamina sequences, thickness, and the fiber winding angle, and to optimize the design [12]. The burst pressure of the liner and the composite was assessed thanks to the maximum stress failure criterion and to the Tsai–Wu failure criterion, respectively. The optimum design profile for the COPV was achieved with eight plies and a [55°, −55°] polar winding pattern, and a burst pressure capacity of 24 MPa was obtained. FEM analysis was applied to identify stress and strain distributions along the geometry of the COPV. The results showed a uniform stress distribution over the surface of the COPV and peak stress values in the dome region of the COPV.




2.7. Dynamic Refueling Conditions


The use of high-density polyethylene as a liner for type IV high-pressure vessels with carbon fiber/epoxy composites is quite common [106]. While achieving favorable properties, the tank’s structural stability was compromised under the dynamic refueling conditions consisting of high pressure and temperature. Finite element analysis explored the thermo-mechanical response, revealing a 5.52% difference in predicted burst pressure compared with the experimental results, suggesting potential influences from carbon fiber type, winding pattern, layering, or loading conditions. Hydrogen vessels are usually subjected to severe thermo-mechanical loading during fast filling, see Figure 15. A full analysis should consider the winding angle, thickness variation in domes, and thermal dependencies of material properties and damage [107]. Isothermal calculations at different temperatures precede simulations of filling, accounting for spatial and temporal temperature gradients. The recent progress in low-cost, large-capacity, and lightweight high-pressure gaseous hydrogen storage vessels as well, as in code and standardization efforts, was reviewed [108]. The study covers stationary, vehicular, and bulk transportation vessels. Safety aspects, including hydrogen embrittlement, temperature rise during fast filling, and potential risks after hydrogen leakage, are discussed. The effect of porosity and heat on the behavior of porous materials was also demonstrated [109,110,111].




2.8. Low-Velocity Impact Resistance


An experimental study investigated the effect of a repeated transverse impact on the burst pressure of composite pressure vessels [113]. The study explores the impact energies and temperatures during the impact tests and analyzes how these factors influence the burst pressure. The results indicate that, as the impact load and water temperature increase, the burst pressure decreases, offering valuable insights into the impact behavior of composite pressure vessels. Singh et al. [114] studied damage evolution in E-glass/epoxy composites under low-velocity impact. They used a CDM-based material model and compared simulations with experiments using the DIC technique. Perillo et al. [115] investigated impacts on glass fiber/vinyl ester composite pressure vessels through experiments and numerical simulations. They used an advanced 3D FEM with interlaminar and intralaminar damage models. They also successfully simulated low-velocity impact events. The experimental set-up using ultrasonic scanning detection of the damage area inside the COPV is depicted in Figure 16.



Gemi et al. [117] investigated the low-velocity impact (LVI) on composite pipes with different stacking sequences. The pipes were subjected to internal pressure before LVI tests, and the effects of the stacking sequence on damage formation and progression were evaluated. The findings reveal variations in impact resistance and damage formation, providing insights for designing hybrid composite pipes with enhanced damage tolerance.




2.9. Structural Health Monitoring


The structural health monitoring (SHM) of composite structures has become increasingly important for facilitating early damage detection and, thus, increasing safety and reliability throughout an extended lifecycle. In fact, use cases of SHM can be seen in various areas of infrastructure [118], wind energy [119], aircraft [120], and automotive [121] engineering. SHM is reviewed in [28,30,32,118,119,122]. Non-destructive testing techniques (e.g., acoustic emission, ultrasonic testing) are commonly applied to acquire the required data, which are subsequently processed and analyzed (e.g., using machine learning) to evaluate the current state of a structure. An overview of these techniques, along with their advantages and disadvantages, is provided by [30] (e.g., acoustic emission, digital image correlation (DIC), neutron imaging, ultrasonic testing, etc.), see Figure 17.



These techniques can be divided into local and global techniques depending on the area of the structure being covered. Furthermore, a distinction can be made between active and passive techniques [32,124]. Using active techniques, the structure is actuated or excited and its response is measured (e.g., ultrasonic testing), whereas passive techniques measure a signal caused by operational load or damage initiation (e.g., acoustic emission).



Additionally, static and dynamic methodologies may be utilized. Static methodologies are concerned with the measurement and evaluation of a static state of a structure (e.g., electrical impedance tomography), whereas dynamic methodologies are concerned with the effects of dynamic events (e.g., electromechanical impedance method) [124].



Due to different types of damage, concerns of redundancy, and environmentally induced noise, multiple techniques and sensors may be applied to the composite structure, leading to homogeneous data (sensors of the same type) or heterogeneous data (sensors of different types).



As far as data processing and analysis is concerned, we can distinguish between baseline-dependent and baseline-independent techniques [30]. Baseline-dependent techniques rely on the comparison of data from damaged and undamaged states of a structure, whereas baseline-independent techniques rely solely on the measurement of structural responses to natural or synthesized forces. Similarly, this distinction can be made between physics-based and data-based methodologies [32]. Physics-based methodologies require analytical or numerical modeling, enabling the computation and simulation of structural damage [125], whereas data-driven methodologies rely solely on data processing techniques to support damage diagnosis [120,126].



The application of these techniques may support and enable damage diagnosis, while also satisfying a certain level of SHM and, thus, enabling damage detection (level 1), localization (level 2), classification (level 3), or quantification (level 4) [122]. Based on this, the prognosis of the remaining useful life of a structure may be feasible [127].





3. Process and Manufacturing of COPVs


Filament winding is the most widely used technique for commercialized composite vessel manufacturing. This process is complex and needs to be further developed, considering the observation of many authors on this subject and as summarized in the non-exhaustive investigations below, see Figure 18.



Current research in this area focuses on predicting burst pressure in composite pressure vessels under internal pressure, accounting for manufacturing uncertainties [128]. The process starts by examining first-ply failure (FPF) in composite vessels, both with and without liners, using various failure criteria. Deterministic predictions of burst pressure are then generated through progressive damage modeling based on CDM. To estimate burst pressure, considering manufacturing-induced inconsistencies, stochastic modeling is applied to incorporate various random parameters. The significance of accounting for manufacturing variability is emphasized through statistical data analysis.



An experimental investigation [129] explored manufacturing and design variables affecting the quality, strength, and stiffness of composite vessels. Statistical analysis reveals the significant impact of variables such as the stacking sequence, the filament tension, the manufacturing time, and their interactions on composite strength. The study emphasizes the correlation between the fiber volume fraction and the vessel strength, shedding light on factors influencing the structural properties of filament-wound composite vessels.



Tapeinos et al. explored the mechanical performance of a type IV multi-spherical COPV [130]. They conducted an experimental assessment with hydrostatic testing and pressure cycling with liquid nitrogen (  L  N 2   ), and investigated effects of   L  N 2    filling, pressure cycling on temperature gradient and strain progress. Kartav et al. [131] incorporated carbon woven layers as doily layers at the front and aft dome sections of a type III vessel with an aluminum liner and carbon fiber-reinforced epoxy composite. The aim was to enhance burst performance and induce burst failure at the cylindrical midsection of the COPVs. The manufactured COPVs were subjected to hydrostatic loading until they reached the burst pressure. The incorporation of doily layers in the dome sections inhanced the burst pressure of the COPVs, by up to 29%, reaching a critical pressure of 1400 bar. In this scenario, a desired safe burst mode, expected to occur in the midsection of the vessel, was successfully achieved. Another study focused on the manufacturing of a type III vessel with a steel liner and a hybrid shell made of glass and carbon filaments, including both helical and hoop layers [132]. Inter-layer hybridization was found to be straightforward to implement in terms of both manufacturing and modeling aspects. The findings indicated that including carbon hoop layers in hybrid COPVs did not greatly affect the final burst pressure performance. A further study delved into type V pressure vessels, specifically exploring the feasibility of manufacturing a two-piece composite vessel through Automated Fiber Placement (AFP) [133]. Although the critical dome thickness and accurate prediction of part mass were successfully validated, the authors encountered manufacturing defects like wrinkles and a hole. Hydrostatic pressure retention was found to be sub-optimal, emphasizing the importance of addressing manufacturing issues. Future developments should focus on gap elimination, hoop reinforcement, developing alternative ply strategies, and the use of advanced failure criteria in order to enhance structural performance and prevent leakage.
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Figure 18. Two shapes of COPVs: (a) cylindrical COPV, (b) spherical COPV obtained by filament winding. Reprinted with permission from Reference [134]. 
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3.1. Cylindrical COPVs


A non-geodesic method to design the winding patterns with unequal polar openings of filament-wound composite pressure vessels was introduced by Guo et al. [135]. Matlab was used to develop and verify the acquired trajectories of the vessels. Big pole ratios of 1:2 and 1:4 were used to test the performance of the new design methodology. Uniform fiber distribution without overlap was obtained along the mandrel using the patterns developed and bandwidth derived. One important issue, albeit generally disregarded in composite vessels, is the choice of winding pattern. The geometry of wound tubes is complicated, and, in general, simplified models (such as the “zig-zag” area) are used, which do not adequately reflect the real behavior of tubes. An investigation using more precise geometry was presented [136]. Based on the model created in that specific work, it was possible for the pattern to influence the strength of the composite pipe.



There are several factors related to the manufacturing of COPVs that cannot be adequately addressed using the Netting theory or finite element methods. One of these factors, as explored by Di et al. [137] in 2023, is the thickness. Their research demonstrates that, although increasing the thickness of COPVs may seems like a reasonable approach to enhance burst performance, it also leads to a proportional increase in manufacturing defects and curing inconsistencies. As a result, the increase in thickness does not necessarily result in a corresponding increase in burst performance. However, an appropriate hoop/helical ratio improves the load-bearing and fatigue performance of COPVs. Improving the communication between COPV manufacturing and design tools is a widely studied topic globally.



Hopmann et al. [138] focused on monitoring bandwidth variations throughout the manufacturing process to create a digital twin, an approach that aimed to enhance the understanding and analysis of the manufacturing process. Additionally, Roso-Lopez et al. [139] conducted a separate study, in which they employed an image-processing algorithm to identify gaps and overlaps in the laminate, to be used in digital twinning. This innovative technique ascertained that the first circumferential winding contained the higher variations during the filament winding of the cylindrical COPVs. Azizian et al. [140] demonstrated that uncertainties during the filament winding process are important and have real impact on the performance of the vessel. They showed that the most relevant were ply thickness and winding angle. They generated a machine learning algorithm for reliability analysis. The uncertainties from the ply thickness and winding angle had an equal effect on the burst pressure performance of the cylinders.




3.2. Toroidal COPVs


With the toroidal composite pressure vessel (TCPV, type IV vessel with 700 bar) and its innovative ring winding technology (Figure 19), LSE GmbH is taking an alternative approach to designing classical cylindrical COPVs, with a mass and resources saving (up to 30%) and reduced-cost production [141,142], see Figure 19.



An analytical and numerical simulation was created for the development of the TCPV. This workflow can be transferred to different vessel sizes and types, as required. The analytical prediction of the TCPV is performed based on the assumption of a thin-walled structure, where the membrane theory is applicable. Under the sole consideration of internal pressure loading, radial stresses in the thickness direction are disregarded, as are intralaminar shear stresses, due to the rotational symmetry of the geometry.



This analytical approach offers the benefit of rapid computation for determining the geometry and mass of various TCPV configurations. However, this design strategy inherently neglects mechanical effects associated with thick wall structures, as well as the influence of winding orientation deviations that may arise due to manufacturing and geometric constraints.



For the final design of the TCPV, a numerical simulation is carried out to take into account the thick-walled structure and local thickening of the metallic insert. Figure 20 presents the stress in the fiber direction (S11) of the TCPV. The elements close to the metal insert are subjected to very high stresses and exceed the maximum strength of the CFRP. Local reinforcement patches are therefore inserted during the production of the vessel in order to relieve this area. Alternatively, additional winding layers can also be deposited around the insert area by the ring-winding machine.





4. Concluding Remarks and Future Works


	1.

	
This review aimed to find cost-efficient hydrogen storage solutions and investigates the effects of design parameters such as stacking sequence and orientation on the composite shell quality, vessel’s behavior under operating conditions and the resistance to bursting pressure. We discuss the experimental and analytical analysis of stacking sequences in composite pressure vessels. The review emphasizes the considerable influence of the stacking sequence on the vessel properties, highlighting the need for analytical and numerical strategies to address transition-related effects between the cylinder and the dome. Some published papers explore numerical simulation and optimization in high-pressure hydrogen storage vessels, focusing on damage modeling, burst pressure prediction, and lightweight design. They investigate liner geometry, dome shapes, and liner thickness, offering insights into COPV performance and structural analysis methods. Various studies propose numerical procedures and optimization methods to enhance the mechanical performance and design efficiency of composite pressure vessels. Combining Matlab and Abaqus software, the influence of the dome on vessel mechanics is analyzed. New techniques optimize dome thickness and liner charge pressure, enhancing structural integrity. Nonlinear finite element methods and optimization algorithms offer valuable insights into composite pressure vessel design, thus ensuring safety and efficiency. Recent research explores innovative approaches to optimize the design and manufacturing of composite pressure vessels using techniques such as variable winding angles and optimized stacking sequences. These techniques significantly enhance buckling strength and burst pressure prediction accuracy. Furthermore, it was found that the utilization of genetic algorithms and finite element analysis facilitates weight reduction and improved structural integrity, advancing efficient design strategies for composite pressure vessels.




	2.

	
In terms of materials development, the effect of the size on a composite pressure vessel’s fiber strength was examined, employing experimental and analytical methods. The focus of the investigation was the high-pressure strength of carbon fiber-reinforced vessels whereby the superior performance of carbon/vinylester composite was noted. Furthermore, alternative fibers were explored for sustainable vessel design, proposing hybrid configurations for improved performance.




	3.

	
Predictive damage models using continuum damage mechanics and finite element analysis, simulating cryogenic conditions, have been employed. In addition, many researchers have developed progressive failure analysis algorithms for composite vessels. The Hashin failure criterion and Abaqus and Ansys software facilitate comprehensive damage prediction, which is crucial for composite material behavior under varied loads. Hybrid composites, comprising carbon fibers and various nanoparticles dispersed in epoxy resins, are extensively utilized in hydrogen tank vessels. Some research focused on microscale simulations, such as molecular dynamics (MD), to predict mechanical, thermal, and dynamic properties. Other studies investigated epoxy curing, mechanical reinforcement by carbon nanotubes (CNTs), thermal expansion, glass transition behavior, and gas diffusion in polymer matrices for hydrogen tanks. Recent studies emphasize micromechanical modeling for assessing effective properties and failure modes and mechanisms in fiber reinforced composites. Parametric studies investigate stress distribution and failure mechanisms, which are crucial for aerospace and transportation. Predictive methods for burst pressure and deformation have developed, utilizing progressive failure analysis and probabilistic strength analysis, thereby contributing to improved structural design and safety. Finite element analysis and strength theories offer insights into stress distribution and crack behavior, facilitating safety enhancement.




	4.

	
SHM is crucial for assessing the condition of structures, aiming to detect, localize, and quantify damage early on to prevent catastrophic failures and extend their lifetime. Various methods, including fiber optic sensors, electrical impedance tomography, and ultrasonic guided waves, are employed for effective monitoring. Smart services enhance operational efficiency, reduce downtime risk, and contribute to cost savings in industries reliant on fluid storage and management.




	5.

	
Filament winding is pivotal when manufacturing composite vessels. Many investigations consider factors influencing burst pressure prediction, manufacturing variables, mechanical performance, and the feasibility of vessel manufacturing techniques. These studies emphasize the need for advancements to address manufacturing uncertainties and enhance structural performance. A non-geodesic method for designing winding patterns with unequal polar openings of filament-wound composite pressure vessels was used in several studies. LSE GmbH’s innovative ring winding technology for toroidal composite pressure vessels (TCPVs) offers substantial mass savings (up to 30%) and cost reductions. Analytical and numerical simulations were conducted for TCPV development, considering thick-walled structures and the local thickening of metallic inserts for reinforcement.




	6.

	
Future research should assess the impact of manufacturing and material property variations on Variable Angle Filament Winding (VAFW) cylinder performance, considering reliability-based design. The potential of VAFW designs for imperfection-insensitive structures in space applications remains unexplored, presenting possibilities for less conservative designs. Burst failure, often due to laminate failure, results from excessive internal pressure, such as overfilling or overheating. Advanced data analysis techniques, such as neural networks and Bayesian inference, enhance the accuracy of damage assessments. Challenges include sensor placement and environmental influences, which require robust solutions and advanced machine learning algorithms for future research. Smart SHM integrates IoT and data analytics to provide real-time data analysis, leading to timely decision-making for maintenance and safety.
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Figure 1. Storage modes of hydrogen, source: https://www.energy.gov/eere/fuelcells/hydrogen-storage accessed on 15 June 2024. 
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Figure 2. Axial strain contour with the corresponding stacking configuration; the simulation was obtained using Abaqus software [27]. 
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Figure 3. Damage to composite structures. Reprinted with permission from Reference [32]. 
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Figure 4. Flowchart representing the MD curing procedure preceded by the initial equilibration of the liquid mixture. Curing periods were followed by annealing and equilibration phases until the target curing extent of 95% was reached. At each time step within a curing period, fix bonds and react, identify relevant reaction sites, modify their topology as necessary, and finally apply relaxation. Reprinted with permission from Reference [54]. 
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Figure 5. A polymer network emerged in the system during curing. (a) A snapshot from MD simulations of the curing reaction of a DGEBA-DDS epoxy resin of a system with 2000 and 1000 DGEBA and DDS molecules. The box length of the cubic periodic system is indicated by arrows and is approximately 11.9 nm. The largest cross-linked molecular group is shown as balls and sticks, at the point of percolation. Other groups, which are not part of the largest molecular group, are made transparent. (b) The molecular structures of the precursor DGEBA and the hardener DDS. The block chemistry approach does not require the usage of unchemical preactivated species, and therefore, these structures also represent the actual simulated species. Reprinted with permission from Reference [54]. 
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Figure 6. Multiscale modeling scheme. Reprinted with permission from Reference [56]. 
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Figure 7. (a) Variation of elastic properties along various directions in the x-y plane. (b) Elastic Modulus and Shear modulus for epoxy model. Reprinted with permission from [57]. 
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Figure 8. (a) Schematic diagram of an atomistic model of epoxy resin for NEMD simulation. The heat sink is located at the center of the system and the heat sources are at both ends to generate constant heat flux. (b) Thermal conductivities of DGEBA/4,4′-DDS as a function of degree of crosslinking from MD simulations. (c) Mass densities and Young’s moduli of DGEBA/4,4′-DDS as a function of degree of crosslinking from MD simulations. Reprinted with permission from [65]. 
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Figure 9. MD calculations of thermal expansion is superposed with experimentally measured dilatometric curves reported in Reference [76]. Reprinted with permission from [57]. 
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Figure 10. Diffusion coefficients of   H 2   in   P  A 6    with 30.00% crystallinity at 288 K and different pressures. Reprinted with permission from [81]. 
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Figure 11. Permeability coefficients of   H 2   in PA6 with 30.00% crystallinity at 0.1 MPa and different temperatures. Reprinted with permission from [81]. 
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Figure 12. Dome thickness and shape influence on the strain contour of the transient region between the cylindrical part and the dome region of the tank. Reprinted with permission from [26]. 
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Figure 14. Damaged vessel obtained using Hashin criterion and the tank response using conventional shell elements model at failure for a stacking of 24 plies: (a) magnitude of the displacement, (b) yield response in the polymeric liner, (c) axial strain in the liner, (d) compression damage of the matrix in the first ply, (e) tensile damage of the matrix in the first ply, (f) damage of the matrix in tension at the third ply, (g) damage of the fiber in tension at the first ply, (h) damage of the fiber in compression at the first ply [37]. 
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Figure 15. Temperature and velocity distribution at fill time t = 2 s in the 2D and the 3D model. For the 3D model, plots were taken on the middle x z plane. (a) Temperature distribution in the 2D model, (b) temperature distribution in the 3D model, (c) velocity distribution in the 2D model, (d) velocity distribution in the 3D model. Reprinted with permission from Reference [112]. 
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Figure 16. Ultrasonic scanning detection results of the filament-wound COPV after impact: (a–c) point 1, (d–f) point 2, and (g–i) point 3. Reprinted with permission from Reference [116]. 






Figure 16. Ultrasonic scanning detection results of the filament-wound COPV after impact: (a–c) point 1, (d–f) point 2, and (g–i) point 3. Reprinted with permission from Reference [116].



[image: Jcs 08 00339 g016]







[image: Jcs 08 00339 g017] 





Figure 17. Framework of the proposed method for real–time structural health monitoring using strain gauge sensors. Reprinted with permission from Reference [123]. 
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Figure 19. Ring-winding unit of LSE GmbH, designed and manufactured by Cetex Institute GmbH. 
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Figure 20. Stress in fiber direction (S11) envelope of TCPV. 
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