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Abstract:  Recent advancements in functionally graded polymer composites (FGPCs) for a 

variety of engineering applications are discussed in this review. In demanding operational 

environments, the spatially varying material properties of functionally graded polymer 

composites greatly enhance strength-to-weight Engineering ratio thermal resistance wear 

resistance and structural reliability. These materials are appropriate for advanced structural 

and functional applications in the automotive aerospace biomedical marine and energy sectors 

because they allow for customized performance characteristics through controlled distribution 

of reinforcements fillers or phases. Additionally, FGPCs improved durability and 

multifunctionality support environmental engineering and sustainable energy solutions. 

Notwithstanding these developments production scaling industrial implementation and striking 

a balance between cost-effectiveness and multifunctionality continue to be difficult tasks. 

Concerns about recyclability and sustainability also call for more investigation into 

environmentally friendly materials and procedures. These obstacles should be removed by new 

developments in materials science and processing technologies which will spur further 

advancements in FGPC application and design. This thorough analysis highlights the 

revolutionary potential of FGPCs in various engineering domains and offers suggestions for 

future research paths targeted at enhancing their functionality and incorporation into 

commercial products. 
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1. Introduction 

Polymer composites have emerged as a pivotal class of materials in modern engineering due 

to their customizable properties, lightweight nature, and superior performance compared to 

conventional materials [1-2]. These composites consist of a polymer matrix reinforced with 

fibers, particles, or other fillers, enabling tailored mechanical, thermal, and chemical 

characteristics. Among various composite configurations, Functional Graded Polymer 

Composites (FGPCs) represent an advanced category where the composition and structure vary 

gradually across the volume, resulting in spatially optimized properties that address specific 

performance requirements [3-4]. This functional grading allows for the mitigation of stress 
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concentrations, enhanced interfacial bonding, and improved overall material behavior under 

complex loading and environmental conditions. 

The mechanical and thermal performance of FGPCs is critical for their successful integration 

into engineering applications. Mechanical properties such as tensile strength, impact resistance, 

and fatigue durability determine the reliability and lifespan of components, while thermal 

properties including conductivity, stability, and expansion behavior influence performance 

under temperature variations and heat management scenarios [ 5-6]. Enhancing these properties 

through functional grading not only extends the applicability of polymer composites but also 

enables the design of multifunctional materials capable of meeting stringent operational 

demands in aerospace, automotive, electronics, biomedical, and energy sectors [7-9]. 

This review aims to provide a comprehensive and systematic analysis of recent advancements 

in FGPCs with a focus on enhancing mechanical and thermal performance for engineering 

applications. It covers fundamental concepts, fabrication techniques, performance evaluation, 

and characterization methods, alongside discussing current challenges and future research 

directions. By synthesizing existing knowledge, this work seeks to guide researchers and 

practitioners in developing optimized FGPCs that fulfil evolving engineering requirements. 

 

Figure 1. Overview of FGPC 

2. Fundamentals of Functional Graded Polymer Composites (FGPCs) 

Functional Graded Polymer Composites (FGPCs) are advanced composite materials 

characterized by a gradual variation in composition and structure over volume, resulting in 
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corresponding changes in their properties [10]. This gradation is designed to achieve specific 

performance objectives that cannot be met by conventional homogeneous composites. FGPCs 

typically consist of a polymer matrix reinforced with fillers or fibers whose concentration, 

orientation, or type varies spatially to tailor mechanical, thermal, electrical, or chemical 

properties [11]. 

 

Figure 2. Gradation Profile Design Process 

2.1 Gradation Profile in Composite Materials 

Gradation profiles refer to the deliberate variation of filler content or properties continuously 

or stepwise through the thickness or volume of a composite material. This concept is central to 

functionally graded materials (FGMs), where the spatial distribution of reinforcement or matrix 

phases is engineered to optimize performance under specific service conditions. Continuous 

gradation involves a smooth, often nonlinear change in composition or microstructure, while 

stepwise gradation consists of discrete layers with distinct filler concentrations or properties. 

The gradation profile significantly influences the overall mechanical, thermal, electrical, and 

biological behavior of composites by tailoring local properties to meet multifunctional 

requirements or mitigate stress concentrations. 
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Figure 3. Gradation Profiles 

 

2.2 Types of Reinforcement in Graded Composites 

The reinforcement phase in graded composites can be broadly categorized into particulate-

filled, fiber-reinforced, and hybrid composites.  

❖ Particulate-filled composites incorporate dispersed particles, such as ceramics or metals, 

into a continuous matrix. The gradation profile here typically involves varying particle size, 

volume fraction, or distribution to influence properties like hardness, wear resistance, or 

thermal stability. 

❖ Fiber-reinforced composites use continuous or discontinuous fibers aligned or randomly 

oriented within the matrix. Gradation in fiber volume fraction, orientation, or type allows 

control over anisotropic mechanical responses, fracture toughness, and fatigue resistance.  

❖ Hybrid composites combine particulate and fiber reinforcements or different fiber types 

to synergistically enhance properties. The gradation in hybrid systems can be more 

complex, involving simultaneous variation of multiple reinforcement phases to achieve 

tailored multifunctionality. 
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Figure 4. Reinforcement Phase of FGPC 

2.3 Functional Property Targets in Graded Composites 

❖ Mechanical Strength Gradients 

Gradation of filler content or reinforcement type is often employed to enhance mechanical 

strength and toughness. For example, increasing fiber volume fraction toward the surface layers 

improves tensile and flexural strength, while a tougher core can absorb impact energy. Stepwise 

gradation with discrete layers of varying reinforcement can reduce interfacial stress 

concentrations, improving delamination resistance. Continuous gradation can provide smooth 

stress transfer, minimize crack initiation sites and enhance fatigue life. 

❖ Thermal Conductivity Gradients 

Controlling thermal conductivity through gradation is critical in applications requiring thermal 

management, such as electronics or aerospace. Particulate fillers with high thermal 

conductivity (e.g., metallic or ceramic particles) can be graded from low content in the core to 

higher content near surfaces to facilitate heat dissipation. Continuous gradation avoids thermal 

mismatch stresses, while stepwise gradation allows easier fabrication of distinct thermal 

barriers or conductors. 

❖ Electrical Conductivity Gradients 

Graded composites targeting electrical conductivity often incorporate conductive fillers like 

carbon nanotubes, graphene, or metallic particles. A gradation profile can create regions with 

varying conductivity, useful in sensors or electromagnetic shielding. Continuous gradation 

enables smooth transitions in electrical properties, reducing localized hotspots or charge 

accumulation. Stepwise gradation can form discrete conductive pathways or insulating layers. 
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❖ Biocompatibility Gradients 

In biomedical implants and tissue engineering scaffolds, graded composites are designed to 

match the mechanical and biological properties of surrounding tissues. Gradation in filler 

content, such as bioactive ceramics or polymers, can enhance cell adhesion, proliferation, and 

differentiation. For example, a composite implant may have a dense, mechanically robust core 

graded to a porous, bioactive surface promoting osseointegration. Both continuous and 

stepwise gradation approaches are used to optimize biological responses while maintaining 

structural integrity. 

Summary 

The gradation profile in composite materials whether continuous or stepwise provides a 

powerful design tool to spatially tailor filler content and properties through the volume or 

thickness of the material. By selecting appropriate types of reinforcement, such as particulate 

fillers, fibers, or hybrid systems, and engineering their distribution, composites can achieve 

targeted functional gradients in mechanical strength, thermal and electrical conductivity, and 

biocompatibility. These gradients enable multifunctional performance, improved durability, 

and compatibility with complex service environments, making graded composites highly 

valuable in advanced engineering and biomedical applications. 

2. Material Constituents and Matrix-Filler Interactions 

❖ Polymer matrix: Thermosetting or thermoplastic polymers that provide the continuous 

phase and bind the fillers. 

❖ Fillers/reinforcements: Particulates, fibers, or nanomaterials distributed within the matrix, 

whose concentration or type varies spatially to induce functional gradation. Matrix-filler 

interactions critically influence the composite’s overall performance.  

❖ Interfacial bonding: Strong adhesion between matrix and filler ensures effective load 

transfer and improved mechanical properties. 

❖ Dispersion: Uniform distribution of fillers avoids agglomeration, which can cause stress 

concentration and weaken the composite. 

❖ Compatibility: Chemical and physical compatibility between matrix and filler affects 

processing and final properties. Surface treatments or coupling agents are often used to 

enhance bonding. 
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Figure 5. Fundamental Components of FGPCs 

3. Functional Grading Techniques and Design Principles 

Functional grading in polymer composites is achieved through various fabrication techniques 

that control the spatial distribution of fillers or reinforcements. Common methods include 

A. Layer-by-layer stacking: Sequentially depositing layers with varying filler content or type 

to create a stepwise gradient. 

 

Figure 6.  Composite fabrication hand lay-up process 

B. Centrifugal casting: Using centrifugal forces to distribute fillers according to density 

differences, producing continuous gradation. 
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Figure 7. Centrifugal Casting 

C. Additive manufacturing (3D printing): Precise control over material composition at each 

point enables complex gradient designs. 

 

Figure 8. Selected techniques for polymer AM. (a) The Fused Deposition Modeling (FDM) 

printers work on the materials extrusion principle to print desired parts. (b) The 

stereolithography (SLA) technique uses a UV laser beam to cure liquid UV curable polymer 

for printing with high accuracy. (c) The digital light processing (DLP) printers print highly 

accurate parts using UV screens and are less time consuming than the SLA. (d) The selective 

laser sintering (SLS) fuses fine powder polymers with a laser beam. However, the printed parts 

produce rough or grainy surfaces. (e) In the polyjet printing process, fine drops of polymers 

are sprayed by multiple nozzles on the printing bed which are immediately cured by the UV 

light. It is capable of fast printing with multi-material deposition. (f) In the sheet lamination 
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(LOM), sheets of polymers are precisely cut and added in layers to make the final product. 

When fast printing and large size printing capability are required, the LOM technique is 

preferred [12]. 

3.1 Challenges in fabrication and quality control 

❖ Gradation profile optimization: Selecting the appropriate variation pattern (linear, 

exponential, sigmoidal) to meet mechanical or functional requirements. 

❖ Property tailoring: Balancing conflicting requirements such as stiffness versus toughness 

or thermal conductivity versus weight. 

❖ Interface management: Ensuring smooth transitions between graded regions to minimize 

stress concentrations and delamination risks. 

❖ Manufacturability: Considering process limitations, cost, and scalability when designing 

FGPCs. 

4. Mechanical Performance of FGPCs 

4.1 Influence of functional grading on tensile, compressive, and flexural properties 

Functional graded polymer composites (FGPCs) have garnered significant attention due to 

their enhanced mechanical properties arising from the spatial variation of composition and 

structure. These composites demonstrate notable improvements in tensile, compressive, and 

flexural properties driven by the functional grading design. 

One key study developed polymer-based functionally graded composites combining copper 

particles and epoxy, preparing layered FGPCs with a stepped layer configuration achieved 

through controlled curing conditions. The mechanical testing revealed that samples cured at a 

higher temperature (60°C) exhibited tensile strength improvements of up to 40.20% and 

compressive strength increases around 17.48% compared to lower temperature cured samples. 

The flexural strength was also influenced by the loading direction, with a top-to-bottom load 

application enhancing flexural strength by nearly 7.88% versus bottom-to-top loading. These 

results indicate that functional grading and processing methods substantially enhance the 

mechanical strength of FGPCs [13]. 

The influence of fiber reinforcement and interface bonding on mechanical properties has also 

been demonstrated in various polymer composites. For instance, natural fiber-reinforced 

composites prepared by compression molding have reported increases in tensile, compressive, 

and flexural strengths with fiber loadings up to an optimal value (commonly around 30%), 

beyond which the properties diminish due to inadequate fiber dispersion or matrix overlap. 
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Such behavior has been observed in studies involving pine needle and Hibiscus sabdariffa fiber 

reinforcements, linking the mechanical enhancements closely to fiber content and fiber-matrix 

interfacial bonding [14]. 

Moreover, nanomaterial incorporation in polymer composites, such as MXene flakes, further 

advances tensile properties by improving Young’s modulus and tensile strength dramatically 

due to high particle aspect ratios and alignment within the matrix. Simulations indicate that 

aligned and high aspect ratio MXene nanoplatelets can increase Young’s modulus by over 

700% and tensile strength by more than 90% compared to neat epoxy [15]. 

Functionally graded composites also exhibit tailored mechanical response under compressive 

loads. The compressive strength of 3D woven carbon fiber-epoxy composites, for example, is 

significantly influenced by fiber architecture and orientation in different directions. Studies 

reveal that certain 3D woven structures outperform others in tensile, compressive, and flexural 

strengths depending on weave type and fiber volume fraction, which underscores the role of 

microstructural design in functional grading [16]. 

Hybrid polymer composites combining different fibers or fillers have shown enhanced tensile 

and flexural strengths due to synergistic effects between reinforcements. Reviews indicate that 

mechanical properties are strongly affected by type, orientation, and arrangement of 

reinforcements within the matrix. However, research gaps remain in modeling and optimizing 

the mechanical behavior of such hybrid FGPCs [17]. 

The functional grading in polymer composites whether through gradual variation in filler 

content, fiber orientation, or hybridization significantly enhances tensile, compressive, and 

flexural properties. The degree of improvement depends markedly on the processing technique, 

matrix-reinforcement interface quality, and structural configuration of the graded layers. 

Optimizing these parameters is crucial to maximize mechanical performance in functional 

graded polymer composites. 

4.2 Impact resistance and fracture toughness 

Functional graded polymer composites (FGPCs) have attracted significant research interest due 

to their potential to exhibit enhanced impact resistance and fracture toughness through tailored 

gradation of material properties. Various recent studies provide valuable insights into the 

mechanisms and improvements achieved in these properties for FGPCs and related composite 

systems. 
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One approach to improving fracture toughness and impact resistance involves the use of 

polymer nano fabric interleaving in laminates. This technique increased interlaminar fracture 

toughness and resistance by about 1.5 times and one-third, respectively, while significantly 

reducing impact damage size to one-third. It also enhanced damping and fatigue threshold 

energy release rates without negatively affecting in-plane mechanical properties or increasing 

laminate thickness substantially [18].  

 

 

4.3 Polymer Nano fabric Interleaved Composite Laminates 

Functionally graded polymer composites developed with layered structures combining copper 

particles and epoxy demonstrated a smooth transition in mechanical properties and notable 

enhancements in mechanical strength and erosion resistance at higher curing temperatures 

(60°C). Specifically, tensile and compressive strengths increased by over 40% and near 20% 

for certain conditions, and flexural strength was also influenced by the loading direction 

relative to the gradation, indicating the significance of gradient design on mechanical 

performance [13]. 

Nanoparticle reinforcement within polymer matrices is another method to enhance impact and 

fracture performance. For instance, addition of 4 wt.% SiO2 nanoparticles into basalt fiber 

reinforced epoxy composite tubes resulted in an increase in maximum impact forces by 

approximately 19–32%, with a corresponding rise in fracture toughness by 20–23%. The 

nanoparticles delayed failure modes such as debonding and delamination and reduced fiber 

breakage branching during low-velocity impact. These results highlight the role of nanoscale 

fillers in controlling fracture mechanisms and improving damage tolerance in FGPCs [19]. 

Additive manufacturing techniques have been explored to optimize reinforcement placement 

in carbon fiber-reinforced polymer composites. Selective reinforcement around notches using 

3-D printing effectively blunted crack tips and redirected crack propagation paths, enhancing 

fracture resistance. However, beyond an optimal reinforcement amount, fracture toughness 

gains diminished. This work underscores the potential of layered functionally graded designs 

and advanced fabrication methods to tailor fracture responses [20]. 

Microwave curing processes also demonstrated marked improvements in interlaminar fracture 

toughness of carbon fiber/bismaleimide composites, attributed to enhanced interfacial adhesion 
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between fibers and resin matrix. This resulted in about 133.5% increase in fracture toughness 

and 61.2% increase in fracture resistance, alongside a significant reduction in manufacturing 

cycle time. These findings suggest process optimization as an important factor in the 

performance of functionally graded polymer composites [21]. 

Machine learning approaches have been employed to predict fracture toughness of polymer 

composites reinforced with silica particles. Using parameters like filler aspect ratio, volume 

fraction, and elastic modulus, prediction models achieved about 96% accuracy in estimating 

fracture toughness as measured by stress intensity factors. This facilitates efficient exploration 

of composition-property relationships critical for designing FGPCs with superior impact and 

fracture properties [22]. 

The material composition gradients, nanofiber interleaving, nanoparticle addition, process 

enhancements such as microwave curing, and advanced manufacturing techniques converge to 

significantly enhance the impact resistance and fracture toughness of polymer composites. 

These advancements enable tailoring of damage resistance and mechanical robustness vital for 

aerospace, automotive, and structural applications where improved fracture performance is 

paramount. 

5. Thermal Performance of FGPCs 

5.1 Thermal Conductivity and Heat Transfer Mechanisms 

Functionally graded polymer composites (FGPCs) demonstrate a unique capability to tailor 

thermal conductivity through spatial variation in material composition and microstructure. This 

gradation modifies phonon transport and scattering phenomena within the composite, leading 

to non-uniform heat conduction pathways that can be engineered for specific performance 

goals. Research from reputed journals highlights that by manipulating filler concentration 

gradients such as incorporating thermally conductive nanoparticles or fibers FGPCs can 

achieve enhanced directional heat transfer or thermal insulation where required. The polymer 

matrix primarily conducts heat via phonon vibrations, while the dispersed filler phases 

contribute through electron or phonon transport depending on their nature [23]. The gradation 

profile is critical in managing the thermal flux, enabling regions of high conductivity to 

facilitate heat dissipation, while low conductivity zones act as thermal barriers. This spatial 

control optimizes thermal gradients within the composite, reducing thermal stresses and 

improving system-level thermal management in applications such as aerospace, electronics 

cooling, and thermal barrier coatings [24-25]. 
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5.2 Thermal Stability and Degradation Resistance 

Thermal stability is a pivotal property for FGPCs, especially in high-temperature 

environments. Systematic studies show that the functionally graded architecture enhances 

thermal degradation resistance by distributing thermal loads more evenly across the composite. 

The incorporation of thermally stable fillers—such as ceramic particles or carbon-based 

nanomaterials—with higher decomposition temperatures into specific graded layers 

contributes to delaying polymer matrix degradation. The gradual compositional transition 

reduces abrupt thermal gradients that typically cause localized overheating and chemical 

breakdown. Moreover, the graded structure mitigates the propagation of thermal cracks and 

oxidative degradation by limiting the formation of thermal hotspots. Experimental 

investigations confirm that FGPCs exhibit improved char formation and reduced weight loss 

under thermal aging tests compared to homogeneous composites. These improvements extend 

the service life of FGPC components in thermally demanding applications, including 

automotive engine parts and electronic encapsulation [26-27]. 

5.3 Thermal Expansion and Residual Stress Management 

The mismatch in the coefficient of thermal expansion (CTE) between different composite 

constituents often induces residual stresses that compromise structural integrity. FGPCs 

address this challenge by spatially grading the CTE through controlled variation in filler 

content or polymer matrix type. Literature reviews reveal that this gradation results in a smooth 

transition of thermal expansion behavior across the composite thickness, significantly reducing 

internal stresses generated during thermal cycling. The minimized interfacial stress 

concentrations decrease the risk of delamination and microcracking, thereby enhancing 

mechanical durability. Finite element modeling and experimental validation studies underscore 

the importance of designing the gradient profile to balance thermal expansion and mechanical 

properties, enabling FGPCs to maintain dimensional stability under fluctuating thermal loads. 

This ability to manage residual stress is particularly advantageous in multilayered structures 

exposed to rapid temperature changes, such as in aerospace thermal protection systems or 

electronic substrates [28-29]. 

5.4 Influence of Grading on Thermal Barrier and Insulation Properties 

The functional grading in polymer composites profoundly impacts their thermal barrier and 

insulation performance. By strategically positioning low thermal conductivity materials near 

the surface layers, FGPCs effectively inhibit heat transfer into underlying structures, serving 
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as efficient thermal barriers. Concurrently, inner layers can be optimized for mechanical 

strength or enhanced thermal conduction, depending on application requirements. This spatial 

tailoring reduces thermal bridging effects commonly seen in homogeneous composites, 

improving overall thermal insulation efficiency. Studies highlight the role of graded interfaces 

in minimizing interfacial thermal resistance and enhancing phonon scattering, which further 

contributes to superior insulation behavior. The graded design also facilitates 

multifunctionality, allowing simultaneous achievement of thermal protection and load-bearing 

capabilities. Such composites find applications in building insulation, protective clothing, and 

energy-efficient electronic devices, where thermal management is critical without sacrificing 

mechanical performance [23-29]. 

6. Engineering Applications of FGPCs 

6.1 Aerospace and Automotive Components 

FGPCs play a pivotal role in aerospace and automotive sectors by enabling components that 

combine lightweight characteristics with superior mechanical strength and durability. The 

graded material properties allow for optimized stress distribution, enhancing structural 

integrity while reducing overall weight. This weight reduction contributes to improved fuel 

efficiency and reduced emissions. FGPCs also exhibit excellent resistance to thermal and 

mechanical stresses encountered in these industries, making them suitable for critical parts such 

as aircraft fuselage sections, engine components, and automotive body panels. Their tailored 

gradients help in mitigating fatigue and impact damage, extending service life and safety [30-

31]. 

6.2 Electronics and Thermal Management Systems 

In electronics, FGPCs address the increasing demand for miniaturization and reliability by 

providing efficient thermal management and electrical insulation. The ability to engineer 

property gradients allows for controlled heat dissipation, reducing hotspots and improving 

device longevity. FGPCs are used in substrates, heat sinks, and encapsulation materials where 

managing thermal expansion mismatch and electrical insulation is critical. Their 

multifunctionality supports the integration of electronic components with enhanced 

performance, reliability, and compactness [32]. 

6.3 Biomedical Implants and Prosthetics 

FGPCs offer significant advantages in biomedical applications due to their biocompatibility 

and customizable mechanical properties that closely mimic natural tissue gradients. This makes 
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them ideal for implants and prosthetic devices, where matching the mechanical behavior of 

bone or soft tissue is essential to avoid stress shielding and improve patient comfort. The 

gradation in material properties facilitates better integration with biological tissues, promoting 

healing and reducing rejection risks. Applications include orthopaedic implants, dental 

prosthetics, and tissue scaffolds with tailored stiffness and porosity [33]. 

6.4 Energy and Environmental Engineering Applications 

FGPCs contribute to sustainable energy and environmental solutions through enhanced 

durability and multifunctionality. Their use in energy storage devices, such as batteries and fuel 

cells, benefits from improved mechanical stability and thermal management. In environmental 

engineering, FGPCs are applied in filtration systems, protective coatings, and structural 

components that require resistance to harsh chemical and physical conditions. Their 

adaptability supports the development of eco-friendly technologies aimed at reducing 

environmental impact [34]. 

7. Challenges and Future Directions 

❖ Scale-up and Industrial Implementation Challenges 

Transitioning FGPCs from laboratory scale prototypes to industrial production faces significant 

hurdles. Challenges include maintaining precise control over property gradients during large-

scale manufacturing, ensuring repeatability, and integrating with existing production lines. 

High costs and complexity of processing methods also limit commercial viability [35]. 

❖ Multi-functionality and Smart FGPCs 

Balancing multiple functional requirements such as mechanical strength, thermal conductivity, 

and biocompatibility increases design and manufacturing complexity. Future FGPCs aim to 

incorporate smart, adaptive, and responsive features, enabling materials that can react to 

environmental stimuli or operational conditions, enhancing their utility across applications 

[36]. 

 

❖ Sustainability and Recyclability Concerns 

Environmental impact is a critical concern due to the polymeric nature of FGPCs. Developing 

eco-friendly raw materials, recyclable composites, and sustainable processing techniques is 

imperative to reduce waste and lifecycle emissions. Research into biodegradable polymers and 

green manufacturing processes is ongoing [37]. 
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❖ Emerging Trends in Materials and Processing Technologies 

Innovations such as additive manufacturing, nano-engineering, and advanced computational 

design are driving the evolution of FGPCs. These technologies enable precise control over 

microstructure and property gradients, improving performance and manufacturability. 

Integration of smart materials and sensor technologies is also a promising direction [35-37]. 

8. Conclusion 

8.1 Summary of Key Findings 

By enabling materials with customized gradients that satisfy particular functional requirements 

FGPCs show transformative potential across a variety of engineering fields. They provide 

advancements in weight reduction thermal management biocompatibility and sustainability in 

a variety of industries including aerospace automotive electronics biomedical and energy. 

8.2 Potential Impact on Engineering Fields 

FGPCs versatility and multifunctionality have the potential to completely transform component 

design and performance encouraging innovations that improve productivity robustness and 

environmental compliance in a variety of industries. 

8.3 Recommendations for Future Research 

Future research should concentrate on improving smart FGPC functionalities overcoming 

scale-up obstacles and giving sustainability top priority. Commercial adoption and 

environmental responsibility will depend heavily on the development of eco-friendly materials 

and the integration of emerging manufacturing technologies. 
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