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Abstract


Composite gears have emerged as game-changing mechanical components across various engineering fields due to their multifunctional physical properties, such as low density, thermal resistance, and mechanical robustness. Although traditional metallic gears are well established and reliable, their efficiency is limited in certain applications. In contrast, composite gears reinforced with carbon, glass, or polymer fibers offer superior strength-to-weight ratios, enhanced corrosion and wear resistance, and improved vibration damping characteristics. The studies demonstrate that hybrid and fiber-reinforced composite gears can achieve weight reductions of 20–50% compared with steel gears, while maintaining comparable stiffness and load-carrying capability. Polymer and reinforced composite gear systems show operating temperature reductions of up to 40% due to improved tribological behavior and thermal dissipation. In metal–matrix composite systems, compressive strength improvements up to around 60% have been reported. Additionally, composite architectures provide improved fatigue life, reduced transmission error, and enhanced vibration damping. Developments in gear design, composite materials, and their integration into composite gear systems were identified through a structured literature survey using Scopus and Google Scholar, systematically compiling manufacturing methods, material performance characteristics, and applications. Targeted keywords related to gears, composites, additive and hybrid manufacturing, lightweight design, and power transmission yielded 132 relevant publications, which were subsequently refined through screening and cross-referencing, with the final section focusing specifically on composite gear applications. The review highlights key opportunities, current challenges, and potential future directions for the development of high-performance composite gear systems.
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1. Introduction


Gears are among the most fundamental components in mechanical power transmission, where they govern efficiency, noise, and durability of machinery across automotive, aerospace, and industrial applications. Conventional steel gearboxes exhibit excellent load-carrying capacity and fatigue strength but suffer from drawbacks such as high weight, vibration, and the need for frequent maintenance, particularly under high-speed or high-load conditions. To overcome these challenges, composite materials have gained increasing attention as potential alternatives due to their superior specific stiffness, damping capability, and corrosion resistance [1,2,3,4].



Composite materials have emerged as potential alternatives for next-generation gear systems due to their high specific stiffness, strength-to-weight ratio, and vibration damping ability [3,4,5]. Carbon, glass, or aramid fibers incorporated in polymer matrices allow mechanical and tribological qualities to be adjusted to specific operational requirements. Furthermore, hybrid configurations, which combine metallic teeth or hubs with composite webs or cores, provide an excellent mix of high surface durability and low structural weight [6]. These hybrid steel-composite gears can efficiently reduce inertial loads, noise, and vibration while improving overall transmission performance in dynamic systems.



In contemporary engineering design, composite materials not only offer mechanical benefits but also enhance sustainability and energy efficiency. Faster acceleration and deceleration are made possible by the decreased rotational inertia of composite gears, which is essential for robotic actuators, electric cars, and aeronautical mechanics [7]. Because of their natural resistance to corrosion and thermal stability, they require less lubrication and surface coatings, which increases service life and lowers maintenance needs [8]. Furthermore, the capacity to forecast contact behavior, fatigue life, and stress distribution in composite gear systems has improved due to advancements in modeling methods, including multi-body dynamics (MBD) simulations and finite element analysis (FEA) [9,10,11]. Composites are becoming a more practical option for high-performance and environmentally friendly power transmission applications as a result of these advancements.



Recent advancements in manufacturing technologies have further accelerated the adoption of composite materials for power transmission applications. Techniques such as resin transfer molding (RTM), filament winding, compression molding, and additive manufacturing allow for precise control over fiber alignment, curing conditions, and interface quality between metal and composite components [12,13,14]. Such developments have led to composite gears with improved structural integrity, dimensional stability, and interfacial bonding. However, challenges remain in predicting long-term fatigue behavior, addressing interlaminar delamination, and mitigating the effects of anisotropy under complex loading conditions.



Previous review studies have addressed specific aspects of composite materials and composite gear technologies, such as material development, manufacturing methods, or individual gear configurations [3,15,16,17]. However, a comprehensive integration of materials, manufacturing processes, and gear performance within a single systematic framework remains limited. The present review addresses this gap through a systematic methodology based on Scopus and Google Scholar database searches, followed by cross-screening and bibliographic cross-referencing. This approach enables a unified analysis linking composite material selection, processing technologies, and functional gear performance, while highlighting current challenges and future research directions for high-performance composite gear systems.



This work analyses recent innovations in gear design, composite materials, and their integration into composite gear systems, with particular emphasis on material selection, manufacturing techniques, and performance evaluation. Section 2 provides a comprehensive overview of gear types, fundamental design principles, analytical and computational methods, and modern manufacturing processes, highlighting how integrated design and manufacturing approaches enable high-performance, durable, and efficient gear systems. Section 3 focuses on the classification, composition, and fabrication methods of composite materials, including both traditional and modern technologies such as resin transfer molding, compression molding, and additive manufacturing. The industrial applications of composites are also discussed, with particular attention to weight reduction, vibration damping, and corrosion resistance, as well as current limitations and potential advancements. Section 4 analyzes the integration of high-performance composite materials into next-generation mechanical transmissions over the past several decades, aiming to establish a foundation for future advancements in lightweight, robust, and energy-efficient gear systems by synthesizing previous research and highlighting key challenges and opportunities. This review was conducted in accordance with the PRISMA 2020 guidelines. The systematic review procedure was specifically applied to studies related to composite and hybrid gear systems. Supporting background literature on composite materials and fundamental gear design was selected through targeted literature searches to provide technical context. The review protocol was registered in the Open Science Framework (OSF) on 12 February 2026 (Registration: 10.17605/OSF.IO/MZ5RP URL: https://osf.io/mz5rp/overview; accessed on 12 February 2026). The PRISMA 2020 flow diagram can be found in the Supplementary Material (Figure S1: PRISMA 2020 flow diagram). The paper selection workflow, including the database search strategy and screening procedure, is illustrated in Figure 1.




2. Fundamentals of Gear Design and Manufacturing


2.1. Gear Types and Design Fundamentals


Gears remain an essential component of contemporary mechanical systems because they efficiently and precisely transfer rotary motion between shafts. A powertrain’s kinematic, dynamic, and acoustic properties are determined by its design, and the selection of the engagement type directly affects the system’s speed range, efficiency, and longevity [15,18,19,20,21]. In engineering practice, the fundamental gear types include cylindrical gears (spur and helical), bevel gears, worm gears and planetary gears, as illustrated in Figure 2.



Cylindrical gears represent the most widely used gear class, characterized by parallel shaft axes located in the same plane. Their teeth can be straight, as in spur gears, or angled, as in helical gears, and may be arranged in either external or internal forms [27]. Bevel gears are widely applied mechanical components in industrial systems to transmit motion and power between intersecting shafts. They are valued for their high power density, excellent efficiency, and minimal transmission error between axes. Achieving these performance advantages, however, depends on precise manufacturing, effective lubrication management, and mitigation of vibration arising from gear meshing [28]. Worm drives are essential in power transmission due to their geometry and operating principle, allowing high transmission ratios in a single stage with compact dimensions. The sliding action between the worm and worm wheel ensures quiet operation, while efficiency depends on lubrication, load, surface roughness, alignment, and temperature. They consist of a worm and worm wheel arranged at a right angle, suitable for high-speed reduction applications [16]. Planetary gear trains are widely used in mechanical engineering due to their compact size, high efficiency, and versatility. They can handle both very high and very low power and speed ratios and provide self-locking if needed. Their multi-planet design reduces weight, lowers inertia, allows precise manufacturing, and ensures quieter operation. The coaxial input and output shafts offer flexible layouts for applications such as vehicles, wind turbines, and aircraft engines [29].



The first step in gear design is choosing the right gear types (such as spur, helical, bevel, and worm) according to application specifications like torque, speed ratio, noise, and load capacity. Key geometric parameters, such as module (or diametral pitch), number of teeth, face width, pressure angle, and pitch circle diameter, are calculated using analytical techniques based on standards such as AGMA (American Gear Manufacturers Association) and ISO. The overall size, strength, and suitability of the gears for their intended use depend heavily on these factors [1,30].



Gear tooth profiles with constant relative velocity or conjugate action are required for smooth operation and effective power transmission. The involute curve is the most popular gear tooth profile because of its simplicity, ease of manufacture, and excellent kinematic features. An involute curve is formed by tracing a point on a straight line as it rolls without slipping on a base circle and extends from it to the addendum circle. This geometry ensures that the common normal at the point of contact always passes through the pitch point, maintaining a constant pressure angle throughout the mesh. Unlike cycloidal profiles, which require two curves and have a variable pressure angle, involute profiles can accommodate slight variations in center distance without significantly affecting performance. The curve provides conjugate action with a single continuous profile, ensuring smooth transmission and reducing sensitivity to minor manufacturing or alignment errors [31].



Modern gear design often involves complex geometries and load conditions that cannot be accurately evaluated using simple analytical methods alone. Finite Element Analysis (FEA) provides a detailed numerical approach to determine stress distributions, deformations, and contact pressures within gear teeth under operational loads. Integrating FEA with optimum design techniques allows engineers to systematically adjust geometric parameters, such as tooth profile, pressure angle, and clearance to minimize contact stress and improve load sharing while maintaining manufacturability [9,10,11]. Chien-Hsing Li et al. [32] developed a batch module that links CAD, FEA, and optimization software to automate the construction of gear geometries, mesh generation, contact analysis, and optimization for both simple and planetary gear systems. This integrated approach significantly reduces repetitive model building and analysis, enabling efficient identification of optimal design solutions, improving gear system performance, and saving time and resources in the design process [32].



Tooth contact analysis is an essential computational framework for simulating the gear meshing process and quantitatively evaluating key performance indicators such as transmission error and path of contact, without reliance on expensive manufacturing and experimental validation. By modeling the true three-dimensional geometry of gear tooth surfaces and incorporating linear and angular misalignments, TCA formulations enable accurate assessment meshing sensitivity to assembly errors. Parametric TCA method have demonstrated high computational efficiency, making them suitable for the analysis of both bevel and cylindrical gears. This method allows for systematic investigation of tooth surface modifications, including crowning and relief, and their influence on transmission error reduction and stress mitigation, thereby providing a powerful tool for gear performance evaluation and design optimization under realistic operating conditions [33,34,35]. Building on the tooth contact analysis framework, the contact between meshing gears with involute teeth and moderate crowning can be modeled as the interaction of convex and concave three-dimensional surfaces, enabling the application of Hertzian contact theory within Euclidean space. By parameterizing the tooth surfaces using local surface coordinates and defining the associated normal and radius vectors, the first and second fundamental forms of each gear tooth surface can be established. These geometric quantities allow the evaluation of Gaussian and mean curvatures, as well as the maximum and minimum principal curvatures, which characterize the local bending behavior of the contacting surfaces. The combined principal curvatures of the mating teeth govern the shape and eccentricity of the resulting contact ellipse, whose major and minor axes are determined through elliptic integrals and material properties. Once the contact ellipse is defined, the maximum contact pressure can be calculated using the Hertzian formulation, providing a quantitative measure of surface stress during meshing. Coupling this Hertzian stress formulation with the TCA approach enables efficient prediction and visualization of contact ellipses and stress distributions under realistic operating and misalignment conditions [35,36]. Figure 3 illustrates the involute tooth surface of a cylindrical gear together with the resulting elliptical contact pattern obtained using Hertz contact equations.



Nowadays, these principles, which are based on both analytical and computational techniques, provide a solid foundation for contemporary gear design, allowing engineers to develop high-performance, durable, and effective gear systems for a variety of uses.




2.2. Gear Manufacturing Processes and Material Selection


Gear manufacturing typically involves a sequence of material forming, machining, heat treatment, and finishing operations to achieve the required geometric accuracy and mechanical performance. Beginning with material selection, the process often starts with near-net-shape forming, followed by precision machining and post-processing, Figure 4.



Casting processes are commonly used to produce initial gear blanks, particularly for large-sized gears. Sand casting, permanent mold casting, and die casting enable economical production of complex shapes and high-volume components. However, cast gears usually exhibit relatively rough tooth geometry and therefore require subsequent CNC machining to achieve the desired tooth accuracy and surface quality. Die casting is especially suitable for mass production of identical gears [27].



Gear forging is an advanced manufacturing process that offers significant advantages over conventional cutting methods by subjecting the material to three-dimensional compressive deformation, which results in a refined grain structure, increased density, reduced micro-defects, and improved material utilization, while eliminating the need for cutting fluids and aligning with green and sustainable manufacturing principles. Studies have shown that forged gears can achieve up to a 20% increase in strength and fatigue life, a reduction in heat-treatment deformation of about 30%, and a production cost reduction exceeding 20% [37]. Extensive research over recent decades has focused on reducing forming loads and improving metal flow through innovative approaches such as floating dies, shunt and decompression methods, numerical simulation, and response surface optimization. Parallel investigations have emphasized the critical role of microstructure evolution during hot and cold forging, including grain size, texture, recrystallization behavior, and hardness distribution, as these factors directly govern the mechanical performance of forged gears. Despite substantial progress, challenges related to complex tooth geometries, forming difficulty, and microstructure control remain, which currently limit large-scale industrial adoption of gear forging and motivate continued research into optimized forging processes and microstructure-performance relationships [38].



The production of gears by extrusion has emerged as an effective alternative to conventional hobbing and machining processes. Compared with hobbed gears, extruded gears provide higher material utilization, reduced waste, lower manufacturing costs, and improved mechanical properties due to favorable metal flow and work hardening. Early studies on helical gear extrusion demonstrated the feasibility of cold extrusion using single and dual-structured dies, supported by upper-bound analytical methods to evaluate forming loads and material flow. Later research introduced kinematically admissible velocity fields and compared guiding-type and clamping-type forging approaches, showing that although clamping-type forging can reduce forming loads, high stresses may still lead to accelerated die wear. Overall, these studies confirm extrusion as a promising manufacturing route for producing high-strength gears with improved efficiency and performance [39].



Powder metallurgy has become known as an essential and sustainable manufacturing method for gear production, notably in the automotive and power transmission industries, where efficiency, cost-cutting, and sustainability issues are important. Powder metallurgy is a near-net-shape metal forming technique that eliminates material waste, simplifies machining processes, saves energy, and restricts the use of cutting fluids, all of which match with the principles of sustainable production. This method has been increasingly used in recent years to manufacture a variety of gears, including spur, bevel, and helical gears, thanks to the availability of a wide range of metal powders and enhanced process control. Conventional powder metallurgy process routes are already well established for standard gear applications, such as pump drive gears and engine gears, while enhanced routes such as double pressing and double sintering, sinter-hardening, and forged powder metal processes, have been developed to meet higher performance requirements for transmission and differential gears. These advanced powder metallurgy routes improve density, dimensional accuracy, mechanical strength, and wear resistance, making powder metallurgy a competitive and sustainable alternative to traditional wrought and machined gear manufacturing [40].



Additive manufacturing, also known as additive layer manufacturing or 3D printing, has emerged as a versatile and efficient complement to traditional gear manufacturing. It enables the rapid, low-cost, and flexible production of complex gear geometries directly from CAD models using a layer-by-layer material deposition approach. Since its introduction in the 1980s, additive manufacturing has been extensively investigated for the production of macro- to micro-scale gears for a variety of applications, including printers, robots, harmonic motors, scientific instruments, and household and electronic gadgets. Gears can be made from polymers, metals, composites, and ceramics using common additive manufacturing techniques such stereolithography, fused deposition modeling, selective laser sintering, and binder-based 3D printing. Compared with traditional manufacturing routes, additive manufacturing offers significant advantages such as reduced tooling and fixturing, high material efficiency, on-demand production, low waste generation, and reduced environmental impact. Recent studies have demonstrated the feasibility of producing functional polymer and metal gears, as well as gear-related tooling, with acceptable accuracy and surface quality, highlighting additive manufacturing as a promising and sustainable technology for prototyping, small-batch production, and specialized gear applications [41].



After forming, gear machining processes are employed to generate accurate tooth geometry. Gear hobbing is the most widely used method for producing external spur and helical gears due to its high productivity and precision. Gear shaping, which uses a cutter similar to the gear profile, is suitable for both internal and external gears. Broaching is mainly applied to internal gears, using a series of progressively larger cutting teeth to achieve the final shape. Milling, especially using multi-axis CNC machines, allows flexible production of custom or complex gear geometries [42].



Post-processing operations are essential to ensure dimensional accuracy and mechanical performance. Heat treatment, such as carburizing or induction hardening, enhances surface hardness and fatigue resistance by modifying the microstructure. Surface finishing processes, including grinding, lapping, and honing, are applied to improve tooth accuracy, surface roughness, and noise performance. Grinding provides micron-level precision, lapping improves contact smoothness and quiet operation, and honing is particularly effective for internal gears and distortion correction [17].



The selection of an appropriate gear manufacturing route depends on several factors, including gear size, required precision, geometric complexity, and production volume. Large gears are typically produced using casting or forging, while high-precision gears require extensive finishing operations. For small gears produced in large quantities, powder metallurgy or automated machining offers significant cost advantages.



The production of modern gears must contend with the demands of compact, low-noise, high-efficiency transmissions. For complex or high-load gears, where avoiding transmission error, controlling micro-geometry, decreasing surface roughness, and assuring longevity are crucial, traditional techniques frequently struggle with precision, cost, and material performance. Manufacturing and finishing have become more challenging when using lightweight materials such as metal composites and advanced polymers. Digitalization, automation, and improved materials are the main trends of the future; complicated geometries and waste reduction are made possible by additive and hybrid production. The next generation of high-performance gears is being advanced by computational tools like tooth contact analysis, finite element analysis, and machine learning, which support design optimization, while smart manufacturing with real-time monitoring improves quality, reduces defects, and shortens lead times.





3. Manufacturing and Application of Composite Materials


The fast growth of the engineering and industrial sectors over the past few decades requires the use of materials that combine high strength, low weight, and exceptional fatigue and corrosion resistance. In response to these demands, composite materials have evolved significantly, progressing from the first Organic-Matrix Composites of the World War II era to a variety of contemporary systems such as metal-, polymer-, and ceramic- matrix composites. Initially, composite technology was dominant in aerospace, lately it has gradually spread to the automotive, energy, and industrial engineering sectors [43]. This section details the classification, manufacturing methodologies, and industrial applications that underpin the utility of these advanced materials.



3.1. Composite Materials: Classification and Characteristics


Composite materials are engineered from two or more constituent phases with distinct physical or chemical properties, which remain separate and distinct within the finished structure. A systematic classification is essential for understanding this diversity, and two complementary approaches are generally employed: one based on the reinforcing phase and the other on the matrix material [44].



Reinforcement-based classification is determined by the morphology, shape, and organization of the reinforcing material (see Figure 5). This approach can be characterized as an external (physical) classification, as it describes the visible structural organization of the composite. The primary criterion is the type and shape of the reinforcing phase—for example, continuous or short fibers, particles, and hybrid combinations thereof [44].



Matrix-based classification, in turn, is based on the chemical type and properties of the binder, which ensures load transfer and structural integrity (see Figure 6). This approach represents an internal (chemical-phase) classification, as it depends on the chemical nature and type of the matrix. The primary criterion in this case is the chemical nature and type of the matrix—for example, polymer, metal, or ceramic [45].



The combined use of these two complementary approaches allows for a holistic understanding of the structural and functional diversity of composite materials. It is now feasible to proceed to a thorough analysis of each type of composite material after a broad classification and morphological features have been presented. Thermosetting and thermoplastic polymer composites (PMCs), lightweight and refractory metal composites (MMCs), oxide and non-oxide ceramic composites (CMCs), and hybrid structures are covered in the next subsections. Characteristic examples, important attributes, and material behavior traits are given for each subtype, giving readers a thorough grasp of the potential and constraints of different composite systems. Thermoplastic polymer composites (thermoplastic PMCs), such as carbon fiber polyetheretherketone (CF/PEEK), are characterized by high temperature resistance, viscoelastic properties, and the ability to withstand rapid heating, which determines their behavior under cyclic and thermal loading. In the molten state during molding, their mechanical behavior is largely determined by shear deformations and the interaction between reinforcement layers. Anisotropic and nonuniform strain distribution is often observed: in addition to the expected in-plane shear, significant displacements occur across the thickness. This deviation from the assumption of transverse isotropy complicates modeling and requires taking into account nonlinear anisotropic viscoelasticity. Despite high specific strength, stiffness, ductility, and processability, CF/PEEK composites are sensitive to heating rates and duration of thermal exposure: short-term high-temperature loads can cause thermal degradation of the matrix, pore formation, and a decrease in the strength of the joints. Therefore, when assessing the thermal stability and shear behavior of thermoplastic composites, an important factor is not only the temperature achieved, but also the holding time, as well as the accuracy of deformation control using experimental methods such as torsional rheometry [46,47,48].



Thermosetting polymer composites (thermosetting PMCs) are materials that, after curing, form a three-dimensional chemically cross-linked structure, providing high strength, rigidity, and thermal stability, while the process is irreversible. Their common properties and behavior manifest themselves in various contexts: in particular, PU/EP matrices exhibit a characteristic combination of the strength of epoxy and the elasticity of polyurethane components, forming a compact interpenetrating structure with increased wear resistance. Process-induced deformations (PID) and residual strains develop during the curing of such systems, necessitating careful regulation of thermochemical-mechanical parameters. Thermosetting composites offer excellent mechanical qualities and shape stability in additive manufacturing (DIW, SLA, DLP, etc.), despite their susceptibility to anisotropy and porosity. Therefore, PMCs are thermosetting and have excellent structural stability and irreversible curing, which define their benefits and technological limitations, irrespective of the formation method [14,49,50].



Lightweight metal-matrix composites (LMCs) are materials based on light alloys, primarily aluminum, reinforced with ceramic or non-metallic particles, which provides them with low density and high strength and performance characteristics. In particular, composites based on the Al–Si–Mg (A359) alloy with 20% SiC, produced by squeeze casting, exhibit high hardness (approximately 140 HV), wear resistance, and rigidity with reduced ductility and difficulty in machining due to increased abrasiveness and adhesion [51]. Similar properties are exhibited by materials based on the age-hardening Al–Cu–Mg–Sn alloy reinforced with TiB2, where the combination of dispersed TiB2 particles and phase precipitates (θ–Al2Cu, S–Al2CuMg) during aging provides a sharp increase in hardness (up to four times after T6 treatment) and a decrease in the friction coefficient, although ductility decreases [52]. An additional direction for the development of lightweight MMCs is the use of graphite-containing aluminum composites (Graphite Al GA 7–230), which combine low density (2.45 g/cm3), high elastic modulus (88.7 GPa), and thermal conductivity (190 W/mK), which imparts them high damping and antifriction properties [53]. Thus, lightweight MMCs combine the advantages of low weight and high strength, but are characterized by reduced ductility, processing complexity, and high cost compared to traditional metallic materials.



Research into refractory metal-matrix composites (MMCs) is exploring various systems combining a hard, heat-resistant phase with a more ductile matrix. For example, the Zry–4 composite with embedded Mo foil, produced by ultrasonic additive manufacturing, provides strong layer adhesion through plastic deformation, localized adiabatic heating, and dynamic recrystallization of the α-phase of zirconium through the β-phase. This results in the formation of an inter-diffusion layer and a metastable β–Zr lattice. The material exhibits high density, heat resistance, and corrosion resistance, but reduced ductility. Similarly, in a magnesium carbon composite (MgO–C) with microporous magnesia as a reinforcing component, the in situ formation of whisker structures of MgO and Al4C3 is observed at high temperatures, which improves thermal shock resistance, reduces crack growth and lowers thermal conductivity, while blocking slag penetration; the control of porosity and microstructure uniformity remains a critical factor. In an Al6061-based aluminum MMC reinforced with nanostructured refractory high-entropy alloy (AlNbTaZr) powders with dispersed Al2O3, obtained by mechanical alloying and introduced by the stir-casting method, significant improvements in strength, hardness, and tribological properties are observed while maintaining high thermal stability due to matrix recrystallization, uniform particle distribution, and Orowan strengthening mechanisms, dislocation locking, and the Hall–Petch effect. A common feature of all the systems considered is the combination of a refractory or hard reinforcing phase with a matrix, which provides strength and heat resistance, while typical limitations include reduced ductility, brittleness, and the need for precise control of the microstructure [54,55,56].



Current research is examining various types of oxide ceramic matrix composites (oxide CMCs), including Al2O3 composites with dispersed additives (MgO, TiO2, Fe2O3), Al2O3–ZrO2/Al2O3 composites, and SiC/SiC CMCs reinforced with appropriate fibers. All of these materials are characterized by high thermal stability, hardness, and chemical stability at high temperatures, but have limited ductility and sensitivity to thermomechanical stress. The introduction of reinforcing additives into Al2O3 increases density, reduces porosity, suppresses grain growth, and improves crack resistance. In Al2O3–ZrO2/Al2O3 composites, crack deflection mechanisms in the weak matrix and fiber orientation are critical to interlaminar strength and resistance to delamination. SiC/SiC CMCs exhibit high thermal stability and low density, but in the presence of water vapor, their surface undergoes leaching of the passivating SiO2 layer, which reduces corrosion resistance and can cause crack formation at layer boundaries. Thus, the common features of these oxide CMCs are high hardness and thermal stability, limited ductility, dependence of strength on the composition of the matrix and reinforcing components, and sensitivity to local thermomechanical and chemical influences [57,58,59].



Non-oxide ceramic matrix composites (CMCs), such as SiC/SiC and C/SiC, are silicon carbide matrix materials that have a thin fiber–matrix interface (PyC, BN, or multilayer combinations of PyC–SiC and BN–SiC) and are reinforced with SiC or carbon fibers. Low density, good thermomechanical stability, and excellent thermal stability (up to about 1500 °C) characterize these composites. Their strength and toughness are largely dependent on the integrity of the interface, which deflects cracks and prevents early fiber failure. A combination of chemical attack and mechanical damage (matrix cracking and delamination) under high-temperature loading and oxidative conditions results in interface degradation, borosilicate glass formation, and localized growth of SiO2 between the fibers and matrix, which can lead to brittle fracture. High strength and the capacity to tolerate cyclic loads with comparatively little deterioration under mild oxidation are the primary advantages of these composites. Reduced strength under concentrated stress, localized brittle fracture, and vulnerability to high-temperature oxidation are among their drawbacks. To increase durability and lifetime, the composition, structure, and interface of these materials must be optimized, as they are susceptible to different degradation mechanisms depending on temperature, stress, and environment [60,61,62].



Through effective stress transmission between layers and enhanced fiber–matrix adhesion, hybrid laminated composites—also known as hybrid laminated composites—are multilayer materials reinforced with a blend of various fiber types, including carbon and basalt. They offer excellent stiffness and strength. Through layer sequence, fiber orientation, layer thickness, and skin-to-core ratio, the structure of these composites enables the adjustment of mechanical properties, leading to optimal toughness, flexibility, and strength. These materials provide benefits such as enhanced stiffness, high strength at low weight, and controllable impact energy and dynamic performance. They do, however, have drawbacks related to susceptibility to localized flaws and the brittleness of individual layers [63]. In particular, subtypes of hybrid sandwich panels with an epoxy matrix are being investigated, where the outer layers are made of carbon fiber reinforced plastic (CFRP) and the core is made of an intra-layer hybrid CFRP/Dyneema composite. This combines the high stiffness and strength of carbon fiber with the elasticity and energy absorption capacity of Dyneema fibers, localizing damage and slowing the propagation of cracks and delaminations, as well as increasing the residual compressive strength after impact (CAI) compared to monolithic CFRP [64]. In addition, a separate area of hybridization is laminated carbon–epoxy panels with the addition of core–shell rubber (CSR) particles and/or interlayer thermoplastic veils (PPS), where CSR increases the viscoelastic plasticity of the matrix and maximum deflection, and PPS provides fiber bridging of cracks and an increase in the energy of delamination initiation (GI,C). Their combined use ensures a more uniform redistribution of energy and a reduction in the damaged area during low-energy impacts [65]. Thus, various hybridization strategies—combining different types of fibers, creating sandwich structures, and adding modifying particles or veils—allow for significant improvement of mechanical properties, impact resistance, and damage control in multilayer composites. The classifications and characteristics of various composite types (PMC, MMC, CMC, Hybrid) discussed above demonstrate how morphology, composition, and properties determine material capabilities and limitations. These characteristics directly influence the choice of composite formation and processing methods, as well as their industrial applications, which are discussed in detail in the following sections.



The classification and key characteristics of composite materials discussed in this section are summarized in Table 1. The table highlights the complementary reinforcement-based and matrix-based classification approaches and compares the main composite classes in terms of typical systems, dominant material behavior, advantages, and inherent limitations. This consolidated overview provides a clear basis for understanding how composite morphology and matrix chemistry govern performance and guide the selection of appropriate processing routes and applications.




3.2. Composite Manufacturing Technique


The manufacturing of composite materials is a critical step in determining their final properties, performance, and economic viability. Methods can be categorized by the degree of automation and process control, evolving from traditional manual techniques to advanced fully automated digital processes.



Firstly, depending on the matrix type, technologies are differentiated for polymer, metal, ceramic, and carbon composites [66,67,68,69,70,71]. For polymer matrices, injection molding, vacuum infusion, and fiber winding processes are used [66,68]. In the review paper [72], the authors discuss the application of polymer and polymer composite materials for turbomachinery impellers, analyzing their manufacturing methods, performance characteristics, and potential to replace conventional metal impellers. Metal matrices are produced using powder metallurgy, hot pressing, and liquid metal casting, in which reinforcing phase particles are distributed in the melt before solidification [67,70,71]. Ceramic matrices are formed using infiltration, sol–gel processes, or reaction sintering [70].



Secondly, based on the matrix’s state of aggregation during manufacturing, methods are divided into melt-based processes (casting, melt impregnation, resin infusion) [71,73,74], powder-based processes (cold and hot pressing, sintering) [67,70,75], and liquid reaction systems (curable resins, in situ polymerization) [66,73]. This criterion is particularly important, as it determines the microstructure and strength characteristics of the resulting composite [70,71,73].



Third, procedures are classified as traditional, semi-automated, or modern (high-tech) depending on the level of automation and precision of structural control (Figure 7) [66,67,68,69,70,71,73,74,75,76,77,78,79,80,81,82]. Manual placement, compression molding, hot pressing, and injection molding are examples of traditional techniques where structure control is restricted and the majority of processes are carried out by hand [66,67,68,69,70,71]. Vacuum infusion, resin transfer molding (RTM), and autoclave technologies are examples of semi-automated procedures that use regulated pressure and temperature to guarantee constant quality [73,74,75,76,77]. Modern techniques that offer high accuracy, reproducibility, and the capacity to programmatically manipulate the orientation of reinforcement parts include robotic layer placement (AFP/ATL), automated filament winding, pultrusion, and additive manufacturing (3D printing of composites) [78,79,80,81,82].



A detailed overview of these manufacturing techniques, including typical processes and their classification, is summarized in Table 2.



3.2.1. Traditional Methods


Traditional composite material production methods rely on manual or simple mechanical control of the molding process, offering flexibility and accessibility but limiting the repeatability and uniformity of product properties [66,67,68,69,70,71].



The Hand Lay-up Technique is a basic technology for the layer-by-layer application of reinforcing fibers and their manual impregnation with a binder. In a study [66], this method was used to fabricate hybrid polymer composites on an epoxy matrix (LY556/HY951) reinforced with Kevlar, kenaf, and chopped strand mat. Hand lay-up ensures tight adhesion of fibers and uniform distribution of resin, allowing high tensile strength (up to 21.3 N/mm2 for the KE/KF system) and flexural strength (up to 515 MPa for KE/CM/KF). The main advantages are ease of implementation, low cost, and the ability to vary fiber composition and orientation; disadvantages include dependence on operator accuracy, low repeatability, and limited automation. The resulting composites are suitable for lightweight structural elements where strength and low weight are required [66].



Powder Metallurgy (P/M) is based on successive stages of mechanical alloying of powders, pressing, and pressureless sintering. In a study [67], it was used to produce aluminum-zinc composites (Al–7.5 wt% Zn) with graphene reinforcement (FLG). Mechanical alloying for up to 8 h ensured uniform graphene distribution, then pressing and sintering at 635 °C formed a dense structure. The composites demonstrated a 54% increase in hardness and a 1.6-fold increase in tensile strength while maintaining corrosion resistance. Advantages include precise composition control and uniform particle distribution; limitations include porosity and shape restrictions. These materials are promising for aircraft and automotive structures.



Compression molding involves hot pressing layers of reinforcing and matrix components. A study [68] used non-woven mats of paper and polypropylene fibers formed using a wet method, followed by pressing. The composites exhibited a density of 0.68–1.05 g/cm3, an elastic modulus of 320–3800 MPa, and high impact strength. Advantages include equipment simplicity and the ability to process materials with a high content of renewable raw materials; disadvantages include the need for precise parameter control and a long processing cycle. They are used for automotive panels, offering environmental and structural benefits.



Semi-Solid Injection Molding (SSIM) is used for AZ91D magnesium matrix composites reinforced with nickel-coated carbon fibers (Ni–SCF) [69]. The technology provides uniform distribution of reinforcing particles and high strength (233 MPa at 2% SCF). The nickel coating reduces undesirable reactions, improving interface adhesion. Advantages include partial automation and high homogeneity; limitations include strict control of temperature and molding parameters.



The Fast Hot-Pressing (FHP) method was applied to BN–ZrO2–SiC ceramic composites [70]. Processing time was reduced and density increased by sintering the powder mixture at 1600 °C and 30 MPa while maintaining a high heating rate of 200 °C/min. The composites demonstrated a flexural strength of roughly 109 MPa and a fracture toughness of about 2.4 MPa·m1/2. Drawbacks include shape restrictions and the need for precise heating control; benefits include high strength, heat resistance, and time savings.



The Molten-Salt-Assisted Stirring Casting (MSAS) method is designed for aluminum composites with YOF and TiB2 reinforcement [71]. The introduction of fluorine-containing salts improves wettability and particle distribution. The resulting materials exhibit uniform distribution of reinforcing phases, high hardness, and tensile strength. Advantages include simplicity and low cost; disadvantages include sensitivity to wettability and oxide film formation.



Traditional methods are characterized by manual control and simple technology, providing flexibility, relatively low cost, and the ability to work with a wide variety of materials. However, they have limited repeatability and uniformity of product properties [66,67,68,69,70,71]. These approaches laid the foundation for more advanced composite manufacturing methods, which are discussed in the following sections.




3.2.2. Semi-Automated Methods


Semi-automated composite manufacturing methods represent a logical development of traditional technologies, providing partial automation, improved control of process parameters, and increased repeatability of product properties. They retain the basic principles of composite formation established by traditional methods, but eliminate key limitations, such as the strong dependence of quality on human error and structural heterogeneity [66,67,68,71,73,74,75,76,77].



Resin Transfer Molding (RTM) is an evolution of hand lay-up [66], where resin is injected into a closed mold under pressure or gas displacement, ensuring uniform fiber impregnation and reducing porosity. A study [73] used a hybrid EP–PHU matrix, specifically selected for low viscosity and accelerated curing, with reinforcement provided by quasi-unidirectional flax fabrics (11 layers). The semi-automated process allowed for a high fiber volume fraction (≈57–62%) and minimal porosity (<1%), improving thermomechanical properties and structural homogeneity. Advantages include consistent product quality, accelerated production cycles, and control of impregnation; limitations include the need for post-curing and assessment of long-term stability.



Automatically Controlled Pressure Vacuum Infusion (ACPVI) modernizes traditional vacuum infusion and liquid metallurgy techniques [66,71]. A study [74] used uncurved carbon fibers with an Araldite LY1564 epoxy matrix. The technology involves automatic pressure and temperature control, cyclic compaction of the fabric before infusion, and resin delivery under vacuum, enabling high fiber volume fraction, minimal porosity, and consistent laminate thickness. Advantages include consistent quality, scalability, and reduced human error; limitations include equipment complexity and precise system adjustment.



Semi-Automated Autoclave Molding (SAM) evolves from traditional compression molding [68], utilizing automated pressure and temperature control to optimize curing. A study [76] used USN125 carbon prepregs to produce cross-ply laminates. Key features include sensors (e.g., optical FBGs) to monitor deformations and temperature, and finite element modeling. Advantages are high homogeneity, consistent mechanical properties, low residual stress, and the ability to build intricate hybrid structures; limitations are the need for strict specification maintenance and high equipment cost. Semi-automated prepreg molding (SPM) evolves from manual lay-up and compression molding [66,68], using molds and thermostatic process control. A study [77] used continuous carbon and glass fibers with an epoxy matrix. The process involves two-step compaction and fiber orientation control, increasing fiber content, stiffness, and structural integrity. Advantages include high repeatability, controlled fiber architecture, and improved strength; limitations include limited design flexibility and sensitivity to resin flow and mold-to-mold conditions. Hot Isostatic Pressing (HIP) is a development of powder metallurgy (P/M) [67], providing simultaneous application of temperature and pressure in all directions. A study [75] produced SiC f/Ti5531 composites with high density, minimal pores, and uniform matrix distribution, preserving the integrity of the fiber–matrix interface. Advantages include high density, reproducible properties, and efficient load transfer; limitations include high cost and limited part size.



Thus, semi-automated methods advance traditional technologies, preserving their basic principles of composite structure formation but increasing process control and property repeatability [66,67,68,69,70,71,73,74,75,76,77].




3.2.3. Advanced/Fully Automated Method


Modern composite manufacturing methods have evolved from traditional and semi-automated technologies, combining the principles of structure formation with full automation, digital control, and process modeling. These methods enable the creation of components with high repeatability, precise geometry, and improved mechanical properties [66,67,68,69,70,71,73,74,75,76,77,78,79,80,81,82].



The filament winding method with thermally assisted frontal polymerization (FP) evolves from semi-automated filament winding and manual placement [66,73]. A study [78] used a diclopentadiene (DCPD)-based matrix cured by frontal metathesis polymerization, with dry or resin-filled carbon fibers. The process included infrared heating to initiate FP, mandrel rotation control, and heating parameter adjustment. Resulting composites showed high strength, impact toughness, thermal and chemical stability, and reduced cycle time. Advantages include a single-step process, fewer operations, and scalability; limitations include precise control of temperature and winding speed. Applicable to thick-walled cylindrical and axisymmetric structures, such as pressure vessels and pipes [78].



The Elium reactive thermoplastic resin pultrusion method evolved from semi-automated fiber drawing and impregnation technologies [68,77]. In a study [79], continuous fibers were impregnated with liquid Elium acrylic thermoplastic resin and passed through a heated die for exothermic curing. Numerical modeling predicted the temperature and degree of curing across the cross-section. Composites showed uniform curing, dimensional stability, and high mechanical strength. Advantages include high repeatability, scalability, and a recyclable matrix; limitations include precise control of temperature and drawing speed. Applicable to profile elements with constant cross-section in aerospace, automotive, and wind energy industries [79].



Laser-assisted automated fiber placement (AFP) evolves from semi-automated prepreg placement and compression molding [68,77]. A study [80] used narrow CF/PPS tapes precision-laid with laser heating for localized resin consolidation, minimizing interlayer voids. Laser power, placement speed, and tool temperature were optimized. Composites demonstrated high interlayer strength and stable mechanical properties, even after autoclave processing. Advantages include high precision, complex geometry, and reduced defects; limitations include strict thermal control and equipment requirements [80].



Additive manufacturing (3D printing, LDM) combines semi-automated placement and RTM [73,74] with fully automated layer extrusion and digital control. A study [81] used a clay-based paste with cellulose fibers applied layer-by-layer, with rheology control and DOE optimization. Components showed reduced thermal conductivity (~0.244 W/m·K), increased compressive strength (~10.9–11.3 MPa), and decreased density. Advantages include use of local/waste resources, weight reduction, cost-effectiveness, and complex shapes; limitations include sensitivity to rheology, drying shrinkage, nozzle filling limits, and scaling. This is applicable to enclosing structures with thermal insulation functions [81].



Advanced/Fully Automated Hybrid Methods (DED + ASHM) evolved from powder metallurgy and hot isostatic pressing [67,75]. A study [82] applied material layer-by-layer via Directed Energy Deposition, with CNC machining or milling to remove defects and smooth surfaces. This results in high precision, reduced residual stress and porosity, and uniform microstructure, increasing strength and ductility. Advantages include waste minimization, reduced production time, and ability to create complex geometries; limitations include high equipment cost, complex software/hardware integration, and optimization of laser parameters, feed rates, and milling. Applications include aircraft parts, dies, and molds made of titanium alloys and stainless steel [82].



An analysis of traditional, semi-automated, and modern methods demonstrates technological evolution: from manual processes to fully automated digital solutions. Advances enable greater precision, structural homogeneity, and improved mechanical properties, directly impacting the effectiveness of composites in various industrial sectors, including traditional, emerging, and sustainable applications [66,67,68,69,70,71,73,74,75,76,77,78,79,80,81,82].





3.3. Industrial Applications of Composite Materials


Because of their high strength, low weight, rigidity, heat resistance, and corrosion resistance, composite materials are a useful substitute for metals and ceramics in a variety of industries [14,46,50]. Composites are utilized in aircraft, transportation, and energy to reduce weight, improve structural dependability and durability, and operate in harsh environments and at high temperatures [47,52,61]. New areas are also rapidly developing—medicine, construction, wind energy, and robotics, where environmental friendliness, recyclability, and the use of modern technologies, including additive manufacturing, are important [14,49,69,82].



3.3.1. Traditional Applications


Composite materials have occupied key positions in the aerospace, transportation, and energy industries for several decades due to their combination of low density, high specific strength, heat resistance, and durability [14,46,50]. In the aviation industry, polymer composites reinforced with carbon and glass fiber allow for a reduction in the weight of structures by up to 50% while maintaining or exceeding the mechanical properties of traditional alloys [47,77]. Materials based on CF/PEEK, PEKK, and PPS are used for the manufacture of load-bearing panels, skins, and thermally loaded fuselage elements, as they possess high oxidation resistance and operating temperatures above 250 °C [77]. At the same time, molding processes are being improved: methods of digital control of curing and minimization of residual stresses make it possible to reduce the deformation of large-sized composite elements, which increases assembly accuracy and energy efficiency of production [50]. Carbon-basalt panels with PET foam provide an optimal balance of stiffness, impact strength, and weight, finding application in aerospace, automotive, and marine systems [63]. Interlaminar reinforcement using thermoplastic fibers and rubber particles improves impact resistance and delamination resistance under low-velocity impacts, which is particularly important for aircraft and transport components [65].



In the automotive industry, weight reduction and increased service life remain key goals. Fiber-reinforced polymer composites, including hybrids based on Kevlar®, kenaf, and glass mat, produced using a hand-molded method, allow for the production of lightweight and durable panels at a low cost [66]. Natural fibers such as kenaf not only reduce weight but also contribute to the environmental sustainability of the structure.



In the field of metal composites, aluminum and magnesium matrices with ceramic and carbon reinforcement are actively developing. The introduction of TiB2, SiC, graphene, or B4C particles into Al and Mg alloys increases hardness, wear resistance, and tensile strength without deteriorating processability [67,68,71,73,74]. Thus, the addition of 2 wt% graphene to Al–7.5Zn increases hardness by 54% and compressive strength from 180 to 287 MPa [67]. Hybrid systems Al–SiC–graphene and AA6061–B4C–graphene demonstrate a reduction in the friction coefficient due to the formation of self-lubricating tribofilms, which reduces energy losses during friction [68,74]. The use of lightweight MMC composites allows for the optimization of the weight of transport systems: replacing the steel chassis of a TATA1612 truck with Graphite AlGA7–230 MMC composite reduced the structure’s weight by approximately 70% without sacrificing strength [53]. AZ91D magnesium alloys reinforced with short, nickel-coated carbon fibers exhibit a strength of 233 MPa and improved thermal conductivity at a density 35% lower than that of aluminum [70].



An important area of industrial adaptation for composites is the improvement of their machining processes. The use of biomimetic textures on cutting tools and cryogenic conditions reduces friction and wear during the turning of aluminum MMCs, reducing energy consumption and improving the environmental sustainability of machining [51,52]. Such solutions contribute to increased tool life and a reduced carbon footprint in mass production.



In the energy sector, composites are used for components operating under extreme conditions of temperature, wear, and chemical attack. MgO–C refractories with microporous structures provide resistance to slag and thermal shock at 1400 °C, reducing heat loss and increasing the energy efficiency of steelmaking furnaces [55]. Similar advantages are demonstrated by oxide and non-oxide composite materials used in turbine and reactor systems, where they combine light weight, thermal stability, and chemical inertness [61,62]. In particular, SiC/SiC and C/SiC composites with EBC protective coatings withstand temperatures of 1600–1700 °C and retain their structure under cyclic thermal loads [59,60,61].



Energy-efficient technologies for the production of heat-resistant materials are undergoing further development. Ultrasonic additive manufacturing (Zr–Mo UAM) enables the tight joining of refractory metals with lower energy consumption, creating sustainable composites for high-temperature power plants [54]. Thus, composites are becoming not only materials with improved properties but also a platform for the implementation of resource-saving technologies. Collectively, traditional application areas like aviation, transportation, and energy demonstrate a shift from metal substitution to the functional integration of composites into critical structures. The combination of lightness, strength, heat resistance, and energy efficiency defines an industrial development strategy in which composites are becoming a key element of sustainable engineering design [14,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,73,74,75,76,77].




3.3.2. Emerging Applications


Modern applications of composite materials extend far beyond traditional industries and encompass medicine, construction, renewable energy, additive manufacturing, and robotics. Growing interest in hybrid, bio-, and functional composites is driven by the trend toward integrating smart features, improving energy efficiency, and using environmentally friendly components [14,46,49].



One rapidly developing area is the use of smart polymer composites (Smart PMCs) in sensor systems and microelectronics. PVDF-based composites can perform dual functions, structural and functional, by implementing a piezoelectric response for monitoring loads and fatigue damage [46]. These materials, classified as recyclable thermoplastic matrices, are used in aviation, automotive electronics, and sports devices where integrated self-diagnostics and durability are required.



In high-tech and robotic manufacturing processes, composites occupy an important place as functional materials for tools and forming surfaces. Combined thermosetting PU/EP/diamond composites with a domed structure, produced by roller embossing, exhibit high wear resistance and are used for precision grinding of stainless steels in automated systems [49]. Their high wear resistance and self-sharpening ability make them promising for robotic and hybrid manufacturing.



The development of additive manufacturing (AM) has opened up new horizons for the application of reinforced composites. The use of 3D printing based on thermosetting and thermoplastic matrices allows the creation of complex structures unachievable by traditional methods, while reducing waste and energy costs [12,13,14,69,82]. CF/PA6 composites produced by FFF combine lightness, rigidity, and thermal stability, finding application in aircraft and transport components [69]. In parallel, hybrid manufacturing is being developed, combining additive and subtractive DED processes for the precise production of reinforced elements with minimal material loss [82].



In construction and architecture, composites offer opportunities for creating environmentally sustainable structures. 3D-printed composites based on local soil and date palm waste fibers demonstrate potential for use in panels and load-bearing elements of sustainable buildings, combining resource reuse with low density and thermal insulation [81]. Hybrid basalt- and flax-reinforced composites in an epoxy matrix are being explored as an alternative to synthetic FRPs in construction due to their biocompatibility and recyclability [76].



Of particular interest is the development of bio- and CO2-based dynamic matrices for natural fiber composites designed for industrial RTM molding [79]. These materials provide precise control of curing and properties, reducing dependence on petrochemical resins and improving product recyclability.



Automated fiber winding processes with thermally activated frontal polymerization (Frontal Curing) are being implemented in the wind energy and pipeline systems industries, reducing curing time and energy consumption in the production of large-scale shells and blades [78]. This approach integrates with digital control and automation technologies, increasing productivity and sustainability.



Furthermore, modern vacuum infusion methods adapted for highly reinforced composites ensure quality control and repeatability in the mass production of components for aviation and transportation systems [80]. These processes enable the production of denser, more uniform, and lighter structures with lower energy and raw material consumption. Thus, the range of new applications for composite materials encompasses smart sensor systems, sustainable construction, hybrid manufacturing technologies, and integration with digital control methods. Composites are moving from the role of structural materials to elements of functional and sustainable technological ecosystems, where adaptability, energy efficiency, and recycling become key parameters [14,46,49,69,78,79,80,81,82].




3.3.3. Sustainable Considerations


Sustainability has become an integral aspect of the evolution of composite materials, with the emphasis shifting from improving properties to ensuring a closed life cycle, reducing carbon footprints, and increasing energy efficiency [14,46,66]. The development of recyclable thermoplastic polymer matrices (e.g., Epoxy Resin PPS, PEEK, Elium®, Arkema, Colombes, France) and biocomposites based on natural fibers (flax, hemp, kenaf, basalt) is facilitating the gradual transition from traditional epoxy resins and fiberglass systems [66,76,77,79,83]. Such solutions combine high specific strength, impact strength, and recyclability, making them particularly suitable for transportation and building structures.



Among recyclable systems, thermoplastic PMCs, which can be repeatedly molded without loss of mechanical properties, are receiving particular attention. CF/PEEK and PPS composites exhibit excellent chemical resistance, high service temperature, and recyclability, making them widely used in aviation, automotive and energy systems [5,47,77]. Thermoplastic interlayers are also used for interlaminar reinforcement of layered structures, simultaneously increasing their recyclability and impact resistance [65].



The use of natural and bio-based fibers allows for a simultaneous reduction in the weight of a structure and its environmental footprint. Kenaf, flax, and basalt have low density and good damping properties, and composites based on them maintain competitive strength with lower production energy costs [66,76,79]. Dynamic matrices synthesized from CO2− or bio-based monomers are used for natural fiber systems, ensuring controlled curing and complete recycling at the end of the life cycle [79].



Manufacturing technologies play a significant role in sustainability. Additive and hybrid methods (e.g., FFF, DIW, DED) allow the creation of complex geometries with minimal waste and lower energy consumption [14,69,82]. The use of automated vacuum infusion and frontal polymerization processes further reduces energy costs during the molding of large-sized parts typical for the aerospace and wind energy industries [78,80]. These methods ensure high repeatability, improved quality, and minimization of carbon emissions at the production stage.



Sustainable solutions are increasingly focusing on lightweight structures that reduce fuel and energy consumption in transportation systems [53,67,70,71]. The use of low-density MMC and CMC composites (e.g., Al–graphene, Mg–TiB2, SiC/SiC) reduces inertial loads and thermal losses, while increasing the durability of components [61,67,70]. This contributes to increased energy efficiency throughout the entire product life cycle, from production to operation.



In the energy and metallurgy industries, sustainability is achieved through the use of low-carbon MgO–C refractories and refractory Zr–Mo composites, which provide lower heat losses and reduced carbon emissions in high-temperature processes [54,55]. Their microporous structure reduces slag penetration, increasing lining durability and reducing waste [55]. Taken together, sustainable approaches in composite engineering are creating a new paradigm—from material development to lifecycle design. Modern composites combine lightweight properties, recyclability, and energy efficiency, delivering not only operational excellence but also reduced environmental impact [14,46,66,75,76,77,78,79,80,81,82].



Current trends indicate that composite materials are no longer limited to their role as lightweight structural replacements for metals. They are becoming a platform for next-generation engineering solutions focused on functional integration, energy efficiency, and complete controllability of properties at the micro level [14,69,78,79,80,81,82]. Design, usage, recycling, and reuse are among the sustainable life cycle principles that are increasingly guiding their use in business.



These advancements enable the next stage of technical development: the use of composites in gear systems and drives, where strength, wear resistance, damping, and dimensional correctness are critical. New possibilities for gear design, optimization, and operating dependability are brought about by the development of composite materials, their molding processes, and hybrid structures.



In this context, special attention is paid to composite materials and their formation technologies, which determine the feasibility of implementing new design solutions in mechanical systems. This section, as summarized in Table 3, examines the main types of composite materials used in mechanical engineering, as well as the relationship between material selection, manufacturing technology, and the resulting structural properties.






4. Advances in Composite Gear Design and Performance


Research on composite gears published from the late 20th century to the present was reviewed based on the results of a Scopus search. Studies focusing on the design, analysis, manufacturing, and performance of composite or hybrid metal–composite gears used in lightweight transmission applications were targeted. To assemble the dataset, publications were retrieved from the Scopus database using a structured search query that required the terms “gear*” and “composite*” to appear in the title, combined with “lightweight*” or “transmission*” in the title, abstract, or keywords. The initial search returned 63 journal articles. These records were further screened, excluding non-English publications, papers lacking proper bibliographic information, and studies unrelated to composite gear design or performance, resulting in a final dataset of 52 documents. Additional relevant studies were identified through cross-referencing the bibliographies of the selected articles.



4.1. Evolution of Composite Gear Architectures


The development of composite gear architectures is driven by the desire to combine high rigidity, low weight, and improved NVH characteristics while maintaining the reliability of a metal gear rim. Hybrid metal-composite topologies, polymer and polymer-hybrid solutions, metal-matrix composites, lightweight web architectures, and specific processes that take use of the deformation resistance of composite materials are some of the prominent techniques that have evolved in recent years. Every architecture offers a unique combination of durability, manufacturability, damping, and stiffness [3,4].



Hybrid metal-composite gears have established themselves as one of the most balanced design concepts for highly loaded drives. In such systems, metal teeth are combined with a composite body or web structure, which simultaneously reduces weight and minimizes housing deformation. Several studies demonstrate that CFRP and GFRP web solutions significantly reduce static and dynamic transmission error due to optimized stiffness distribution and increased material damping [84,85]. Meshing behavior analysis for hybrid gears with anisotropic and quasi-isotropic web configurations confirms the strong influence of the composite topology on tooth deflection [86]. Additional studies show that proper selection of the metal–composite interface and optimization of the web geometry improve vibration characteristics [87,88]. Validation in automotive and aerospace gearboxes demonstrates consistent NVH reduction and increased dynamic stability [89,90]. Comparisons with steel counterparts also show increased stiffness efficiency and lower DTE levels [91], while analytical tooth-deflection models provide a foundation for further optimization [92,93]. Polymer and polymer–hybrid composite gears form a distinct class of architectures, where the main advantages include low weight, high damping, and ease of manufacturing. Intelligent material selection approaches have enabled the development of PA66-based composites enhanced with GO and WS2, which exhibit increased stiffness and wear resistance [94]. PTFE-based composites reinforced with glass fiber, carbon fiber, and bronze demonstrate high thermal stability and increased strength under contact loads [95]. Experimental studies further confirm that the properties of such composites directly depend on the reinforcement type and its volume fraction [96,97]. Classical FEM studies of polymer composite gears show that even with low density and limited thermal conductivity, such gears can withstand substantial bending loads [98,99]. Earlier work also highlights the influence of reinforcement on composite gear metrology and efficiency [100,101].



Metal–matrix composites (MMCs) constitute a separate category for high-strength and high-temperature gears. Reinforced aluminum matrices with graphene nanoplatelets, SiC, or cerium oxide additives provide improved flexural strength and reduced tooth deformation under operating loads, as confirmed by FEM modeling [102]. Additional studies on WC-Fe MMCs and SiC-reinforced aluminum spur gears show significant increases in load-bearing capacity [103,104,105]. Earlier numerical work also documented favorable stress distributions in MMC gears [106], making them promising candidates for high-temperature and high-torque applications.



Significant attention has been paid to advanced web structures. Two- and three-dimensional braided composites provide improved modal characteristics and reduced inertial load, which is especially important for high-speed systems [107]. Multi-scale models of triaxial braided composites show how fiber orientation affects modal shapes and local stiffness [108]. Thin-walled and hollow-core configurations offer substantial mass reduction while maintaining performance, and their influence on meshing behavior has been confirmed both analytically and experimentally [86,109]. Curve-face gear mechanisms demonstrate advantages in load distribution and kinematic stability due to the ability of composite elements to adapt to complex contact-surface geometries [110,111]. Early dynamic models reveal a strong sensitivity of CFG behavior to stiffness variations induced by composite properties [112,113]. Noncircular gears with variable-involute and variable-cycloid profiles employ composite materials to stabilize tooth deflections under varying curvature, ensuring high contact ratios and precise motion transmission [114,115]. These solutions expand the applicability of mechanical systems with complex motion laws that were previously limited by the deformation sensitivity of metallic components [116,117].




4.2. Mechanical Performance Enhancements Enabled by Composites


The mechanical advantages of composite gears arise from the combination of high specific stiffness, directional anisotropy, matrix damping capability, and controlled material distribution within the gear body. These factors influence bending strength, contact stress, fatigue life, thermal stability, and structural efficiency, making composites competitive and, in many cases, superior to their metallic counterparts [118].



An increase in static strength and a reduction in tooth deflection are among the key benefits of composite architectures. Studies on hybrid metal–composite gears show that CFRP or GFRP webs reduce housing deformation and body-induced tooth deflection, which stabilizes the contact pattern and improves load sharing [86]. Transmission error analyses confirm that the inclusion of composite web layers significantly reduces STE due to stiffness redistribution within the gear body [84]. In the field of metal–matrix solutions, FEM modeling shows that aluminum-based MMCs reinforced with graphene nanoplatelets and cerium oxides exhibit increased flexural strength and lower deformation under load [102]. Hybrid WC-Fe composites designed for automotive drivetrains also demonstrate increased load-bearing capacity [103], and SiC-reinforced aluminum gears confirm the general trend toward higher strength combined with low weight [104,105]. Early FEM studies on composite spur and bevel gears identify fundamental stress-distribution patterns that form the basis of modern optimization methods [98,99], while advances in structural composite configurations further improve load capability [119].



The fatigue strength and wear resistance of composites depend on microstructural surface strengthening, reinforcement effectiveness, and interfacial interactions. The induction heating composite shot peening (IHCSP) technique applied to 20CrMnTi spiral bevel gears significantly increases contact fatigue life due to strengthening of the near-surface layer [120]. PTFE-based composites reinforced with glass fiber, carbon fiber, and bronze demonstrate a pronounced reduction in wear during long loading cycles and maintain stable contact parameters at elevated temperatures [95]. In natural-fiber hybrid composites (flax/bamboo), a clear dependence of wear rate on fiber orientation and stacking sequence is observed, linked to mechanisms of thermal stabilization and protective surface-layer formation [121]. Analyses of metal–polymer composite gears show increased service life under mixed lubrication regimes due to the dispersion-reinforced matrix [122]. These findings emphasize that composites can slow the progression of surface damage and stabilize frictional behavior.



Thermal performance plays a crucial role in durability and meshing stability. Reinforced PTFE composites reduce operating temperatures by up to 40% compared to pure polymers due to a lower friction coefficient and more uniform heat distribution within the contact zone [95]. Highly thermally conductive MMCs effectively prevent localized tooth overheating at high rotational speeds, reducing thermal expansion and mitigating the risk of micropitting [102,103]. Improved surface thermal stability achieved through IHCSP also helps decrease thermal gradients and stabilize contact pressure [120].



Hybrid gears typically demonstrate a 20–50% reduction in weight while retaining stiffness and without degrading transmission error characteristics [84,91]. Woven web architectures further reduce the mass of rotating components and improve dynamic stability [107]. At the life-cycle level, hybrid designs show lower cumulative energy demand due to reduced weight and enhanced durability [123]. The structural arrangement of the hybrid metal–composite gear investigated in [123] is presented in Figure 8, which highlights the lightweight CFRP web and metallic rim configuration that drives the reduction in cumulative energy demand.



Figure 9 shows the normalized lightweight performance ranking of different gear material systems. Polymer-based gears demonstrate the highest lightweight potential, followed by hybrid metal–polymer systems, while metallic gears exhibit the lowest lightweight efficiency, consistent with literature-reported density and structural performance trends.




4.3. Dynamic Behavior, Vibrations, and Noise Characteristics


The dynamic behavior of composite gears is determined by the balance between mass, stiffness anisotropy, damping, and the structural compliance of the gear body. Unlike steel gears, composite and hybrid architectures allow targeted control of vibration modes and the time-varying characteristics of mesh stiffness, which leads to reduced dynamic loads, lower DTE, and improved acoustic performance [93]. Vibration-response analysis is therefore a key aspect in designing drives with increased NVH requirements, especially in systems where minimizing magnetic and mechanical losses is critical [117].



Hybrid metal–composite gears consistently demonstrate a reduction in dynamic transmission error due to the inherent damping of composite webs and mass redistribution. Experimental studies show that such gears decrease DTE amplitude, particularly near critical rotational speeds, because of shifted natural frequencies and reduced excitation of meshing harmonics [89]. Comparative tests of hybrid and steel helical gears confirm that composite inserts reduce mid- and high-order vibrations, yielding lower NVH levels while maintaining the same load-bearing capacity [91]. Optimization of the metal–composite interface and the web shape further suppresses sensitivity to the housing-bending vibration mode [87,88]. Related results in hybrid lightweight gear designs demonstrate that optimized material distribution significantly improves damping efficiency [116]. These findings form a solid basis for employing hybrid gears in high-speed transport and aerospace gearboxes.



Composite gearbox housings and structural transmission components also play a substantial role in shaping vibration response. The use of GFRP and CFRP housings reduces vibroactivity to levels comparable to traditional metal housings, while decreasing weight by over 60% [124]. Industrial developments confirm that lightweight composite housings can increase modal separation and reduce acoustic excitation [85]. In two-stage composite gear transmission systems, braided composite structures enhance dynamic stability and lower amplitude–frequency response under external disturbances [107]. This improvement is attributed to the combination of low material density and directional stiffness, which results in a more favorable modal pattern and reduced sensitivity to external vibrations. Studies on composite CFGs show that the amplitude of contact-force and axial-displacement variations is highly sensitive to changes in eccentricity and profile parameters, while composite anisotropy provides additional control over these effects [110]. Dynamic simulations further confirm that proper tuning of composite body rigidity stabilizes meshing modes and reduces peak displacement values [111]. Earlier studies on CFG dynamics document complex transitions between periodic and quasi-chaotic regimes when rotational speed varies, underscoring the importance of accurately accounting for composite-induced stiffness variations [112,113]. High-speed CFG analyses also show that composite elements can compensate for increasing tooth-bending stresses and maintain overall system stability [125]. Additionally, meshing-efficiency calculations reveal that composite-induced stiffness variations significantly alter instantaneous meshing characteristics [109].



The dynamic behavior of composite systems is further influenced by their response to operational defects. In helical gear–rotor–bearing systems, the presence of composite faults alters the temporal structure of vibrations, generating more pronounced nonstationary components [126]. When combined defects (such as a tooth crack and bearing damage) are present, enhanced modal coupling, increased vibration amplitudes, and a broader high-frequency spectrum are observed. To improve diagnostic accuracy, signal-processing techniques based on MCKD-EWT and the NMD-Teager operator have been proposed, effectively extracting weak diagnostic features in noisy environments [127]. Extended load-sharing studies for composite face-gear systems further highlight the sensitivity of dynamic response to stiffness imbalance [118].



The influence of composite architecture on time-varying mesh stiffness is also significant. Composite web structures reduce stiffness fluctuations caused by housing deformation, thus stabilizing contact stiffness and lowering vibrational excitation energy [86,92]. For thin-walled aerospace bevel gears, semi-analytical models demonstrate that composite mechanical deformation affects contact-pressure distribution and dynamic transmission capacity under variable loads [128].




4.4. Analytical, Numerical, and Experimental Methods for Characterizing Composite Gears


The advancement of modeling and experimental diagnostic methods has become a cornerstone in the analysis of composite gears, enabling quantitative assessment of the effects of anisotropy, damping, complex geometry, and interfacial interactions. Unlike metallic gears, whose material behavior is highly predictable, composite gears require a multilayered approach that integrates analytical models, multiphysics FEM simulations, experimental rigs, and high-precision measurement techniques. These tools support the development of advanced composite architectures, service-life assessment, and design optimization. Table 4 summarizes the principal modeling, simulation, and experimental diagnostic approaches employed for evaluating deformation, vibration, and durability in composite gear systems.



Analytical and semi-analytical approaches provide rapid prediction of deformation and stress states in composite gears. Multi-scale models of braided structures calculate effective stiffness and modal shapes of web elements while accounting for actual fiber architecture [108], reducing computational cost and enabling parametric optimization without full-scale FEM simulations. Analytical relationships for body-induced tooth deflection in hybrid metal–composite gears allow evaluation of web thickness, fiber orientation, and material distribution on tooth deflection and meshing stability [92]. Additional analytical treatments of composite-motion meshing efficiency highlight the importance of anisotropic deformation and varying curvature in composite gear mechanisms [109]. These methods are practical tools for preliminary design and selection of appropriate stiffness–mass combinations.



Advanced FEM and FE-based hybrid models are essential for studying nonlinear behavior in composite gears. By combining analytical contact descriptions with detailed FEM representations of gear structures, interactions between localized contact mechanics and global housing deformation can be investigated, which is especially important in hybrid CFRP-web designs [84]. FEM studies of vibration and modal distributions confirm that composite-body anisotropy significantly affects natural frequencies and mode shapes in transmission systems [87,88]. Recent FEM-based dynamic evaluations of metal–rubber composite gear pairs further demonstrate the importance of multiphysics coupling in predicting structural behavior under load [119]. For thin-walled aerospace bevel gears, semi-analytical Dynamic Loaded Tooth Contact Analysis (DLTCA) methods simultaneously consider bending, shear, and torsional deformations in the composite body and their effects on contact-pressure distribution [128]. Numerical analyses of planetary composite gear mechanisms reveal how load sharing evolves under varying stiffness distributions, providing insight into multibody composite interactions [118]. These hybrid approaches combine FEM accuracy with the computational efficiency of analytical frameworks.



High-precision transmission-error rigs measure static and dynamic transmission error (STE/DTE) at submicron resolution, identifying deformation sensitivity in composite web structures and refining modeling parameters. Thermomechanical durability test rigs assess temperature gradients, fatigue strength, and wear progression under long-term loading, which is critical for polymer-based and MMC solutions [97]. Additional setups for meshing-performance evaluation of functionally graded, additive-manufactured, and hybrid gears allow detailed assessment of localized stiffness variations and their associated vibration effects. Classical single-flank composite-error measurement methods remain relevant, particularly for evaluating noise excitation and profile deviations in hybrid and polymer composite gears [93]. Collectively, these experimental techniques provide a robust validation environment for advanced composite gear architectures.



Significant advances have also been made in virtual and optical metrology. Point-cloud scanning methods enable evaluation of radial composite deviation through dense 3D scans, detecting shape irregularities caused by anisotropic shrinkage or uneven reinforcement [129]. For noncircular gears, high-speed cameras and optical tracking systems record the evolution of contact locations and load distribution in real time [115]. Combining virtual metrology with numerical modeling provides enhanced quality control and reduces reliance on specialized gear measurement equipment. Overall, the integration of analytical, FEM, experimental, and optical methods creates a comprehensive framework for the design, evaluation, and optimization of modern composite gear systems, enabling high-precision, reliable, and durable transmission solutions.




4.5. Application-Specific Developments and Case Studies


Hybrid metal-composite spur and helical gears decrease DTE and vibration response due to the damping properties of CFRP webs and optimized mass distribution [6,7,8,89]. The use of MMCs such as WC-Fe for asymmetric spur gears provides increased load-bearing capacity and improved thermal stability under severe operating conditions [103]. Additional advantages arise from the ability to reduce the weight of drivetrain components without compromising stiffness. Optimization of the metal-composite interface and the modification of tooth profiles in hybrid designs give engineers greater flexibility for tailoring solutions to noise-sensitive automotive systems. Studies on lightweight composite gearbox housings further demonstrate large reductions in structural mass while retaining comparable or superior vibroacoustic characteristics [85].



Vibration analysis of helical gear-rotor systems for turbomachinery indicates that composite faults generate unique dynamic patterns requiring specialized diagnostic algorithms [126]. Composite components reduce the mass of rotating assemblies, lower bearing loads, and decrease overall vibration levels within the system. In applications where magnetic or non-contact transmission is used, composite magnetic gears have demonstrated potential for significant reductions in core size and power losses, supporting high-efficiency renewable-energy drivetrains [117]. Miniature trochoidal gear pump prototypes employing polymer composite gears exhibit improved sealing, low friction, and stable operation under limited lubrication conditions [130]. Robotics and mini-drive systems benefit from lightweight FGM gears, which maintain stable contact performance under sudden thermal or load fluctuations [131]. Experimental development of epoxy-based hybrid composite gears also confirms their suitability for low-power transmissions, offering high damping and manufacturability for compact systems [116]. Hybrid designs allow tailoring stiffness and damping characteristics to meet specific kinematic requirements, ensuring smooth motion and low noise.




4.6. Challenges, Limitations, and Future Research Directions


A key challenge is ensuring reproducible quality of the metal-composite interface in hybrid structures. The bond between the steel rim and the CFRP or GFRP web is sensitive to surface-preparation methods, adhesive-layer properties, and the thermoelastic behavior of the joint. Insufficient interface reliability leads to changes in tooth deflection, increased transmission error, and the risk of local delamination [84,132]. In polymer composite gears, difficulties arise from anisotropic shrinkage during injection molding, which causes profile inaccuracies and tooth-thickness variations [100]. Additive manufacturing and FGM approaches suffer from uneven distribution of reinforcing particles, porosity, and residual stresses [104,132]. In MMCs, achieving uniform microarchitecture and preventing brittle zones that reduce fatigue strength remains challenging. The absence of unified standards for hybrid-gear manufacturing further complicates large-scale industrial adoption [132].



Reliability issues stem from the complex nature of fatigue failure in composite materials. Polymer matrices are susceptible to thermal degradation during long-term operation under high friction, despite improvements achieved through PTFE/CF/Bronze hybridization [95]. Wear progression in naturally reinforced composites shows strong sensitivity to temperature and humidity, affecting long-term performance stability [121]. Metal-polymer composite gears exhibit high wear resistance but remain vulnerable to multiaxial fatigue and micropitting—particularly under conditions of insufficient lubrication [122]. Hybrid metal-composite helical gears may experience complex stress concentrations due to differences in elastic modulus, which can generate localized overload zones under dynamic loads [89,91]. The long-term behavior of composite gears under impact loads, rapid thermal cycles, and lubrication starvation remains insufficiently explored.



Current modeling methods still do not fully capture the multiphysics behavior of composite gears. While analytical and semi-analytical models accurately describe individual aspects—such as tooth deflection or anisotropic stiffness [92,108]—integrating thermal, vibrational, contact, and fatigue phenomena into a unified predictive framework remains an open challenge. Models for composite curve-face gears can predict dynamic changes with varying profile parameters but encounter difficulties in capturing high-frequency regimes and composite-induced damping [111,115]. Diagnostic methods such as MCKD-EWT and the NMD-Teager operator effectively detect composite-related faults, but their performance depends on signal quality, and they are not directly integrated into lifetime-prediction models [127]. The limited accuracy of existing multiphysics simulations reduces confidence in long-term durability assessments.



Developing intelligent composite structures and incorporating cutting-edge digital design techniques are the main areas of future research. Smart composite gears with embedded sensors, including FBG-based strain or temperature sensors, may allow for real-time monitoring of deformation, temperature rise, and wear progression. The development of ultra-lightweight hybrid gears with customized stiffness, damping, and inertial characteristics will be expedited by AI-driven topology optimization. Complex anisotropic structures for high-speed applications can be produced thanks to developments in automated 3D weaving, braiding, and AM-directed reinforcing. The use of bio-based reinforcing fibers, recyclable thermoplastic matrices, and circular production methods supported by cumulative energy demand estimates are examples of environmentally friendly options that will also become increasingly important [123]. Increasing experimental datasets on contact strength, fatigue, friction, and thermal behavior is still essential, particularly for energy, automotive, and aerospace applications.



Overall, these challenges underscore the need for an interdisciplinary approach integrating materials science, machine dynamics, mechanical engineering, nondestructive evaluation, and computational modeling. Addressing these limitations will enable the creation of a new generation of composite gears with predictable service life, high engagement stability, and minimal vibroacoustic effects across a wide range of operating conditions.



Figure 10 shows the distribution of composite gear-related publications by year based on the analysed reference subset [84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131,132]. The results indicate limited research activity before 2010, followed by a gradual increase after 2017 and a significant growth trend after 2020. The highest publication activity is observed in recent years, particularly in 2024–2025, reflecting increasing industrial and research interest in lightweight transmission systems, hybrid metal–composite gears, and advanced composite gear architectures. This trend confirms the rapid development of composite gear technologies in response to modern requirements for high efficiency, weight reduction, and vibration performance.





5. Conclusions


This review consistently summarizes the fundamental principles of gear operation, modern approaches to the development and production of composite materials, and recent advances in composite and hybrid gears, based on an analysis of 132 relevant publications. The systematic review procedure was applied specifically to studies related to composite and hybrid gear systems. Additional background literature related to general composite materials and fundamental gear design was selected using targeted literature searches to provide context and technological background. The results confirm the rapid transition from conventional metallic gear systems toward lightweight composite and hybrid multi-material transmission solutions. Composite gears reinforced with carbon, glass, and polymer fibers demonstrate weight reduction of 20–50%, operating temperature reduction of up to 40%, and compressive strength improvements approaching 60%, while maintaining comparable load-carrying capability and stiffness. In addition, composite gear architectures provide improved fatigue life, reduced transmission errors, and enhanced vibration damping performance.



Based on 32 publications, including books, it is demonstrated that the performance characteristics of traditional metallic gears are governed by the precision of tooth profile geometry, contact stress distribution, and the quality of machined surfaces. Modern modeling methods, including variable mesh stiffness analysis, stress–strain calculations, and contact deflection modeling, enable predictable evaluation of gear performance under real-world loads. Despite the high reliability of metallic systems, their continued use is limited by increased mass, rigidity, vibration levels, and sensitivity to thermal deformation.



An analysis of 46 publications indicates that the mechanical and functional behavior of composite materials is governed by the combined effects of the matrix properties, reinforcement type, and manufacturing method. The transition from manual processes to automated technologies such as RTM, vacuum infusion, automated fiber placement, and additive manufacturing enables reduced porosity, improved structural repeatability, and stable interlayer adhesion. Composites offer several advantages, including high specific stiffness, damping, corrosion resistance, and the ability to tailor properties. However, these materials require strict control over curing processes, interfacial interactions, matrix thermal stability, and non-destructive testing. Industrial application analysis further confirms the broad applicability of composite materials across aerospace, automotive, energy, and smart system technologies. Advanced thermoplastic composites such as CF/PEEK, PEKK, and PPS enable operation at temperatures exceeding 250 °C while maintaining high strength-to-weight ratios. In aerospace structures, weight reductions of up to 50% have been achieved while maintaining mechanical integrity. Metal matrix composites provide increased hardness, tensile strength, and wear resistance for heavy-duty applications.



A structured Scopus search using keywords such as “gear,” “composite,” “lightweight,” and “transmission” identified recent advances in composite and hybrid gears. The initial search returned 63 journal articles; after screening, cross-referencing, and removal of unrelated papers or those lacking proper bibliographic information, the final dataset comprised 54 articles. The analysis showed that various types of composite gears offer significant weight reduction, improved vibroacoustic performance, and reduced mesh stiffness variations. Hybrid systems combining a metal ring gear with a composite housing were found to provide an optimal balance between load-bearing capacity and weight reduction. Key limitations remain related to material anisotropy, challenges in predicting fatigue life, thermal degradation under high-speed operation, and sensitivity to interlaminar defects. Nonetheless, the results confirm the effectiveness of multiphase structures and highlight the potential of multi-material design approaches.



The development of gears requires the coordinated application of mesh calculation methods, material selection, optimized manufacturing processes, tooth geometry, composite structure, and process parameters as interconnected elements. This is especially critical for hybrid systems, where stiffness distribution, damping, and thermal stability depend on both geometry and the interaction between different materials. Future research should focus on multiphysics models integrating mechanical, thermal, and tribological processes; the design of gradient or architected materials; embedded sensors for real-time monitoring; and energy-efficient, recyclable composites.
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Figure 1. Flowchart of the systematic literature review methodology. 
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Figure 2. Classification and examples of common gear types [22,23,24,25,26]. 
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Figure 3. Demonstration of the involute tooth surface of a cylindrical gear with an elliptical contact pattern obtained using Hertz contact equations. 
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Figure 4. Flowchart of the gear manufacturing process. 
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Figure 5. Reinforcement-based classification of composites. 
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Figure 6. Matrix-based classification of composites. 
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Figure 7. Classification of composite manufacturing methods by degree of automation. 
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Figure 8. Detail of hybrid metal–composite gear [123]. 
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Figure 9. Comparison of lightweight performance of different gear material systems by ranking order. 
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Figure 10. Distribution of composite gear-related publications by year [84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131,132]. 
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Table 1. Classification and key characteristics of composite materials.
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	Composite Class
	Classification Basis
	Typical Systems
	Characteristics
	Advantages





	PMCs

(thermoplastic)
	Matrix-based (polymer); reinforcement-based (fibers/particles)
	CF/PEEK
	Viscoelastic and nonlinear anisotropic behavior; shear-dominated deformation during molding; sensitivity to heating rate and dwell time [44,46,47,48]
	High specific strength and stiffness; good processability; recyclability



	PMCs

(thermosetting)
	Matrix-based (thermoset polymer)
	Epoxy, PU/EP systems
	Irreversible 3D cross-linked network; high rigidity and thermal stability; process-induced deformations and residual stresses [14,44,49,50]
	Excellent mechanical properties; dimensional stability; AM compatibility



	MMCs

(lightweight)
	Matrix-based (light metals)
	Al–Si–Mg/SiC, Al–Cu–Mg–Sn/TiB2, Al–graphite
	Low density with increased hardness, wear resistance, and improved tribological behavior [51,52,53]
	High strength-to-weight ratio; good stiffness and damping



	MMCs

(refractory)
	Matrix-based (refractory metals)
	Zry–4/Mo, MgO–C, Al6061/HEA–Al2O3
	High heat resistance; strong interfacial bonding; strengthening via Orowan, Hall–Petch, and recrystallization mechanisms [54,55,56]
	Thermal and corrosion stability; high hardness



	CMCs

(oxide)
	Matrix-based (oxide ceramics)
	Al2O3-based, Al2O3–ZrO2/Al2O3, SiC/SiC
	High hardness and thermal stability; crack deflection and porosity control govern strength [57,58,59]
	Excellent high-temperature and chemical stability



	CMCs

(non-oxide)
	Matrix-based (SiC, C)
	SiC/SiC, C/SiC
	Interface-controlled toughness; stability up to ~1500 °C; oxidation-driven degradation mechanisms [60,61,62]
	High strength; good cyclic-load tolerance



	Hybrid

composites
	Reinforcement-based (hybrid fibers, laminates)
	CFRP/basalt, CFRP/Dyneema sandwiches, CSR/PPS-modified laminates
	Tunable stiffness, impact resistance, and damage tolerance via layering and hybridization strategies [63,64,65]
	Enhanced impact resistance; controlled damage evolution










 





Table 2. Summary of Composite Manufacturing Techniques.
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Classification

	
Subtype

	
Examples






	
By matrix type

	
Polymer

	
Injection molding, vacuum infusion, fiber winding




	
Metal

	
Powder metallurgy, hot pressing, liquid metal casting




	
Ceramic

	
Infiltration, sol–gel, reaction sintering




	
Carbon

	
Fiber-reinforced carbon composites (various processes)




	
By matrix state

	
Melt-based

	
Casting, melt impregnation, resin infusion




	
Powder-based

	
Cold pressing, hot pressing, sintering




	
Liquid reaction

	
Curable resins, in situ polymerization




	
By automation level

	
Traditional

	
Manual placement, compression molding, hot pressing, injection molding




	
Semi-automated

	
Vacuum infusion, resin transfer molding (RTM), autoclave




	
Modern/High-tech

	
Robotic layer placement (AFP/ATL), automated filament winding, pultrusion, additive manufacturing











 





Table 3. Summary of Industrial Applications of Composite Materials.
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	Application Area
	Composite Material
	Features
	Industrial Examples





	Aerospace
	CF/PEEK, PEKK, PPS, Carbon/Glass Fiber
	High strength-to-weight ratio, heat resistance > 250 °C, low density
	Load-bearing panels, fuselage skins; weight reduction up to 50% [14,46,47,50,77]



	Automotive
	Fiber-reinforced polymer, hybrid Kevlar®, kenaf, glass mat
	Lightweight, durable, low cost, environmental sustainability
	Body panels, interior structures; natural fibers reduce weight and carbon footprint [66]



	Metal Matrix Composites (MMC)
	Al–Zn–graphene, Al–SiC–graphene, AZ91D Mg/Ni–SCF
	Increased hardness, tensile strength, wear resistance, reduced density
	Truck chassis, engine components; hardness increase, weight reduction [2,67,68,70,71,73,74]



	Energy and Metallurgy
	MgO–C refractories, Zr–Mo composites, SiC/SiC, C/SiC
	Thermal resistance, chemical stability, low carbon footprint, high energy efficiency
	Steelmaking furnaces, turbines, reactors; withstand 1400–1700 °C, reduced heat loss [54,55,59,60,61,62]



	Emerging/Smart Systems
	PVDF-based smart PMCs, PU/EP/diamond composites
	Functional sensing, wear resistance, recyclability
	Sensors, microelectronics, precision grinding tools; dual structural-functional role [14,46,49]



	Additive/Hybrid Manufacturing
	CF/PA6 (FFF), DED + ASHM, Frontal Curing fiber winding
	Complex geometries, digital control, energy-efficient, reproducible
	Aircraft, wind energy blades, pipelines; reduced material waste and cycle time [14,69,78,79,80,81,82]



	Construction/Sustainable Materials
	Bio-based composites, basalt/flax fiber, soil/date palm waste
	Low density, thermal insulation, recyclable, environmentally friendly
	Load-bearing panels, sustainable buildings; lightweight, durable, recyclable [76,79,81]



	Recyclable/Thermoplastic PMCs
	CF/PEEK, PPS, Elium®
	Re-moldable without loss of properties, high chemical resistance, high service temperature
	Aviation, energy systems; improved impact resistance and recyclability [14,47,66,77,79,83]










 





Table 4. Summary of modeling, simulation, and experimental methods for composite gear analysis.
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	Method Category
	Key Capabilities
	Main Contributions to Analysis





	Analytical and semi-analytical models
	Multiscale stiffness modeling; closed-form tooth-deflection relations; anisotropic efficiency analysis
	Rapid prediction of deformation, stress states, and meshing behavior; evaluation of web thickness, fiber orientation, and material distribution without full FEM cost [92,108,109]



	Multiphysics FEM and hybrid FE models
	Coupled contact–structure simulations; anisotropic modal analysis; thermo-mechanical response
	Accurate prediction of nonlinear behavior, vibration modes, housing–gear interaction, and stiffness-dependent dynamics in hybrid and MMC gears [84,87,88,119]



	Dynamic Loaded Tooth Contact Analysis (DLTCA)
	Combined bending, shear, and torsional deformation modeling
	Improved contact-pressure and load-distribution prediction for thin-walled and aerospace composite bevel gears under variable loading [128]



	Multibody and planetary gear simulations
	Stiffness-dependent load-sharing analysis
	Insight into load-sharing evolution and composite-induced stiffness imbalance in planetary and face-gear systems [118]



	Transmission error measurement rigs
	Submicron STE/DTE measurement
	Identification of deformation sensitivity in composite webs; validation and calibration of analytical and FEM models [93]



	Thermomechanical durability test rigs
	Long-term loading, temperature, fatigue, and wear assessment
	Evaluation of thermal gradients, fatigue strength, and wear progression in polymer-based and MMC gears [97]



	Meshing-performance experimental setups
	Evaluation of additive-manufactured, graded, and hybrid gears
	Assessment of localized stiffness variation and vibration behavior under realistic meshing conditions



	Optical and virtual metrology
	Point-cloud scanning; high-speed optical tracking
	Detection of anisotropic shrinkage and shape deviation; real-time observation of contact evolution in noncircular gears [115,129]
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