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Preface 

The accelerating transformation of industry is increasingly shaped by the need to reconcile technological 

advancement with environmental responsibility, resource efficiency, resilience, safety, and human-

centered design. Sustainable Engineering Technologies for Industrial Innovation brings together a 

multidisciplinary collection of studies addressing these priorities through advanced materials, 

manufacturing technologies, digital engineering, biomedical design, food microbiology, and sustainable 

construction. 

The volume opens with an examination of energy-efficient biocomposite manufacturing and its 

contribution to sustainable industrial development. It then considers ceramic–metal composite armors 

from the perspectives of ballistic principles, protective mechanisms, and structural design concepts. 

Biomedical engineering is represented through a patient-specific orthosis design for clubfoot syndrome 

based on reverse engineering, demonstrating the role of digital design and customized manufacturing in 

individualized healthcare applications. 

Digitalization and lifecycle-oriented engineering are explored through a review of digital twin 

applications in composite structures, with emphasis on modeling, monitoring, and lifecycle integration. 

Sustainability in advanced transportation systems is addressed through a comprehensive assessment of 

composite structures in aviation and space, covering lightweight design, manufacturing, repair, and 

circular end-of-life strategies. The scope of the book also extends to food microbiology through a chapter 

examining bacterial identification methods from conventional approaches to modern techniques. 

Advanced manufacturing and composite-material applications form another important theme of the 

volume. The performance of polyamide composite bolts produced by material extrusion-based additive 

manufacturing is investigated, illustrating the potential of polymer composites in functional engineering 

components. This is followed by the design and manufacturing of biocomposite cervical orthoses, which 

combines materials engineering with biomedical application. The impact behavior of hybrid composites 

is then examined, contributing to the understanding of their mechanical response under dynamic loading. 

The final chapter broadens the sustainability perspective to the built environment through a review of 

bio-based brick technologies. It integrates biological and bio-derived materials, processing routes, 

engineering performance, durability, thermal behavior, lifecycle considerations, and sustainability, 

highlighting the potential of emerging brick technologies for lower-impact construction. 

These contributions demonstrate that sustainable industrial innovation does not arise from a single 

material, technology, or discipline. Rather, it develops through the integration of material efficiency, 

lifecycle thinking, digitalization, advanced manufacturing, safety, biological resources, and application-

oriented engineering. This volume is intended to provide researchers, engineers, students, and 

practitioners with current perspectives and practical insights into these interconnected areas of 

sustainable engineering. 

Prof. Dr. Mehmet Çevik 

Editor  

September, 2026 
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Abstract 

Energy efficiency has become a critical component of sustainable manufacturing due to its influence on 

resource utilization, production costs, environmental performance, and climate-change mitigation. 

Within this context, biocomposites have emerged as promising alternatives to conventional petroleum-

based materials because of their renewable origins, reduced environmental impacts, and compatibility 

with circular economy strategies. This study reviews the role of energy efficiency in biocomposite 

manufacturing from a life-cycle perspective, encompassing raw material production, manufacturing 

processes, transportation, end-of-life management, and sustainability assessment. Key indicators, 

including Specific Energy Consumption, energy intensity, energy productivity, resource efficiency, 

carbon intensity, and circularity metrics, are discussed as quantitative tools for evaluating manufacturing 

performance. The study further examines engineering approaches for improving energy efficiency 

through material design, process optimization, additive manufacturing, recycling, and circular 

manufacturing practices. In addition, the contributions of advanced digital technologies, including 

artificial intelligence, machine learning, digital twins, and the Industrial Internet of Things, are reviewed 

in the context of energy monitoring, prediction, optimization, and intelligent decision-making. Based on 

the reviewed literature, a quantitative and SDG-oriented integrated framework is proposed that 

combines manufacturing performance indicators, digital technologies, life-cycle assessment, and 

circular economy principles within a unified sustainability architecture. The proposed framework 

provides a practical basis for evaluating and optimizing sustainable biocomposite manufacturing 

systems while supporting progress toward Sustainable Development Goals 7, 9, 12, and 13. 

Keywords: Energy efficiency; Biocomposites; Sustainable manufacturing; Life cycle assessment; 

Artificial intelligence; Circular economy; Sustainable Development Goals 

 

1. Introduction 

Energy is a fundamental driver of economic development, industrial production, and societal well-being. 

However, rapid industrialization, urbanization, and growing consumption have substantially increased 

                                                           
1 https://orcid.org/0000-0002-6366-5566 
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global energy demand, while continued reliance on fossil fuels has intensified concerns related to 

greenhouse gas emissions, climate change, and resource depletion.  

In response, energy efficiency has emerged as a key strategy for sustainable development because it 

reduces energy consumption, lowers production costs, and mitigates environmental impacts. 

Consequently, governments, industries, and international organizations increasingly regard energy 

efficiency as a cornerstone of sustainable energy and climate policies. 

Manufacturing is among the largest energy-consuming sectors, requiring significant thermal and 

electrical energy for material processing and production activities. Thus, improving energy efficiency 

has become a major objective in the transition toward sustainable manufacturing, which seeks to 

enhance resource utilization, reduce waste, and minimize environmental impacts throughout the product 

life cycle. 

Within this context, biocomposites have attracted growing attention as sustainable alternatives to 

conventional petroleum-based materials. Produced from natural fibers, bio-based polymers, or waste-

derived resources, biocomposites offer potential benefits including reduced dependence on non-

renewable resources, lower carbon footprints, and greater compatibility with circular economy 

strategies. The integration of energy-efficient manufacturing practices with biocomposite technologies 

therefore represents a promising pathway toward achieving sustainable industrial development and 

supporting key Sustainable Development Goals (SDGs) related to clean energy, responsible production, 

industrial innovation, and climate action. 

Growing concerns over fossil resource depletion, greenhouse gas emissions, and plastic waste have 

accelerated the search for sustainable alternatives to conventional petroleum-based composites. 

Although synthetic composites offer excellent performance in many industrial applications, their 

production often relies on non-renewable resources and energy-intensive manufacturing processes. 

Consequently, biocomposites have emerged as promising materials that combine polymer matrices with 

natural fibers, agricultural residues, or other renewable resources to reduce environmental impacts while 

maintaining functional performance (Mann et al., 2020; Naik et al., 2022; Deepthi et al., 2026). 

Natural fibers such as hemp, flax, kenaf, sisal, and jute have attracted significant attention due to their 

low density, renewability, biodegradability, and relatively low embodied energy. Similarly, bio-based 

polymers such as polylactic acid (PLA) provide renewable alternatives to conventional plastics and have 

demonstrated suitability for applications ranging from packaging and construction to additive 

manufacturing. The incorporation of agricultural and industrial by-products into biocomposite systems 

further enhances resource efficiency by supporting waste valorization and circular economy principles 

(Elfaleh et al., 2023; Tomec et al., 2024). 

Despite their potential advantages, biocomposites are not inherently sustainable. Their overall 

environmental performance depends on factors such as raw material sourcing, processing requirements, 

transportation, manufacturing technologies, and end-of-life management. Therefore, comprehensive 

life-cycle assessments are essential to determine whether the benefits associated with renewable 

feedstocks outweigh the energy and environmental impacts generated throughout the product life cycle 

(Ead et al., 2021; Fitzgerald et al., 2021; Pamakštys et al., 2026). 

Energy efficiency has evolved from a traditional operational concern into a strategic objective that 

directly influences economic competitiveness, environmental performance, and industrial sustainability. 

Rising energy costs, regulatory pressures, and global decarbonization targets have intensified efforts to 

reduce energy consumption while maintaining productivity and product quality. As a result, energy 

efficiency is increasingly recognized as a key pathway toward sustainable industrial development and 

climate-change mitigation (Koçaslan, 2022; Renna & Materi, 2021). 

Manufacturing systems represent a major opportunity for energy-efficiency improvements because 

industrial activities consume substantial amounts of energy throughout material processing, 

transportation, heating, cooling, and assembly operations. Recent advances associated with Industry 4.0 

have expanded traditional energy-management approaches through the adoption of artificial intelligence 

(AI), machine learning (ML), digital twins (DTs), and intelligent monitoring systems. These 

technologies enable real-time energy monitoring, predictive analysis, process optimization, and data-
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driven decision-making, thereby enhancing manufacturing efficiency and sustainability performance 

(Mao et al., 2021; Zekići-Sušac et al., 2021; Bermeo-Ayerbe et al., 2022). 

Within biocomposite manufacturing, energy efficiency is particularly important because the 

sustainability of bio-based materials depends not only on renewable feedstocks but also on the efficiency 

of the processes used to produce them. Excessive energy consumption during manufacturing can 

diminish the environmental advantages of biocomposites, highlighting the need for integrated strategies 

that combine energy efficiency, renewable energy utilization, and circular manufacturing principles. 

Consequently, manufacturing systems with improved energy performance play a central role in realizing 

the full sustainability potential of biocomposite materials and supporting broader sustainable 

development objectives. 

 

2. Energy Efficiency as a Catalyst for SDGs 

The SDGs provide a global framework for addressing challenges related to energy, industrial 

development, resource utilization, and climate change. Among these goals, SDG 7 (Affordable and 

Clean Energy), SDG 9 (Industry, Innovation and Infrastructure), SDG 12 (Responsible Consumption 

and Production), and SDG 13 (Climate Action) are particularly relevant to manufacturing systems. 

Energy efficiency plays a central role in advancing these objectives because it simultaneously reduces 

energy demand, improves resource utilization, lowers environmental impacts, and supports sustainable 

industrial development (Taşkın et al., 2025; Koçaslan, 2022; Zakari et al., 2022). 

Recent advances in Industry 4.0 technologies have further strengthened the relationship between energy 

efficiency and sustainable manufacturing. These technologies enable intelligent monitoring, predictive 

analysis, and process optimization, thereby improving operational performance while reducing energy 

consumption and emissions (Abadi et al., 2025; Bermeo-Ayerbe et al., 2022; Yenioğlu & Belge, 2022). 

Within this context, biocomposite manufacturing provides a particularly relevant case study because it 

combines renewable materials, circular economy principles, and opportunities for improving energy and 

environmental performance throughout the product life cycle. Consequently, understanding the 

contribution of energy-efficient manufacturing to SDGs 7, 9, 12, and 13 is essential for developing 

sustainable industrial systems. The following subsections examine these relationships in greater detail. 

2.1. SDG 7: Affordable and Clean Energy 

SDG 7 aims to ensure access to affordable, reliable, sustainable, and modern energy while promoting 

substantial improvements in global energy efficiency. Among its targets, SDG 7.3 specifically 

emphasizes increasing the global rate of energy-efficiency improvement. Within the manufacturing 

sector, achieving this objective requires the adoption of technologies and practices capable of reducing 

energy consumption without compromising productivity and product quality. Sustainable production 

systems, process optimization strategies, renewable energy integration, and intelligent energy-

management technologies are therefore essential contributors to SDG 7. Recent studies have 

demonstrated that improvements in industrial energy efficiency can significantly reduce energy demand 

while simultaneously lowering operational costs and environmental impacts (Koçaslan, 2022; Zakari et 

al., 2022). Furthermore, the integration of renewable energy systems with advanced industrial processes 

has been identified as a promising pathway toward achieving cleaner and more sustainable production 

systems (Elbir, 2024; Bespalyy, 2023). 

2.2. SDG 9: Industry, Innovation and Infrastructure 

SDG 9 promotes sustainable industrialization, technological innovation, and resilient infrastructure 

development. The ongoing transition toward Industry 4.0 has accelerated the adoption of digital 

technologies capable of enhancing manufacturing efficiency and sustainability. AI, ML, DTs, and 

Industrial Internet of Things (IIoT) technologies enable real-time monitoring, predictive analytics, 

adaptive control, and intelligent decision-making, thereby improving both operational and energy 

performance. Recent research highlights the growing role of AI-driven manufacturing systems in 

addressing energy-related challenges through predictive modeling, process optimization, and automated 

energy management (Küçüktüvek & Altay, 2025; Abadi et al., 2025). Similarly, DT technologies have 
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demonstrated significant potential for improving energy efficiency through virtual simulation, 

performance monitoring, and process optimization (Bermeo-Ayerbe et al., 2022). Consequently, 

innovation-driven manufacturing systems contribute directly to the objectives of SDG 9 while 

simultaneously supporting broader sustainability goals. 

2.3. SDG 12: Responsible Consumption and Production 

SDG 12 focuses on sustainable resource management, waste reduction, and responsible production and 

consumption patterns. Energy efficiency plays a central role in achieving these objectives because 

reduced energy consumption is often accompanied by improved material utilization, lower waste 

generation, and enhanced process efficiency. The emergence of biocomposites aligns closely with SDG 

12 due to their reliance on renewable resources, agricultural residues, natural fibers, and recyclable 

materials. Numerous studies have emphasized the importance of circular economy strategies, waste 

valorization, recycling technologies, and sustainable material selection in reducing environmental 

burdens throughout product life cycles (Gültaş, 2024; Das et al., 2022; Shanmugam et al., 2021). In 

addition, life cycle assessment studies indicate that responsible material choices and efficient 

manufacturing practices can significantly improve both resource efficiency and environmental 

performance (Hermansson et al., 2019; Operato et al., 2023; Chen et al., 2024; Fitzgerald et al., 2021; 

Çevik & Diambu, 2024). So, the development of sustainable biocomposite production systems 

represents a practical approach to advancing the objectives of SDG 12. 

2.4. SDG 13: Climate Action 

Climate change remains one of the most significant global challenges facing modern society. SDG 13 

calls for urgent action to combat climate change and mitigate its impacts through reductions in 

greenhouse gas emissions and the promotion of sustainable technologies. Because industrial energy 

consumption is a major source of carbon emissions, improving energy efficiency constitutes one of the 

most effective mechanisms for climate-change mitigation. Research consistently demonstrates that 

reductions in energy consumption are often accompanied by reductions in carbon footprints, particularly 

when combined with renewable energy adoption and sustainable manufacturing practices (Tariq et al., 

2022; Türköz, 2025). Moreover, life cycle assessment studies increasingly reveal that energy-efficient 

production systems can generate environmental benefits throughout the entire product life cycle, from 

raw material extraction to end-of-life management (Pamakštys et al., 2026). Accordingly, energy-

efficient biocomposite manufacturing contributes not only to industrial sustainability but also to broader 

climate-action objectives by supporting the transition toward lower-carbon production systems. 

 

3. Energy Efficiency Metrics for Biocomposite Manufacturing 

3.1. Fundamentals of Energy Efficiency in Manufacturing Systems 

Energy efficiency is a key performance indicator in modern manufacturing because of its direct 

influence on economic competitiveness, resource utilization, and environmental sustainability. 

Manufacturing systems consume energy through material preparation, processing, transportation, 

heating, cooling, and auxiliary operations, making effective energy management essential for reducing 

costs and environmental impacts. Energy use may be broadly categorized as direct consumption 

associated with production processes and indirect consumption related to supporting activities. In 

biocomposite manufacturing, energy efficiency is particularly important because the sustainability 

benefits of renewable materials can be diminished by energy-intensive production processes. 

Consequently, quantitative energy-performance indicators are required to evaluate and optimize 

manufacturing sustainability (Sapuan et al., 2025; Renna & Materi, 2021; Ohenhen et al., 2024). 

3.2. Specific Energy Consumption (SEC) 

SEC is one of the most widely used indicators for evaluating energy efficiency in manufacturing 

systems. It represents the amount of energy required to produce a unit mass, volume, or quantity of 

product and provides a straightforward measure of manufacturing energy performance. Because SEC 
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normalizes energy consumption with respect to production output, it enables meaningful comparisons 

among different manufacturing processes, materials, production scales, and technological alternatives. 

In manufacturing applications, SEC is generally expressed as 

 SEC =
Total Energy Consumption

Quantity of Product Produced 
=

𝐸𝑡𝑜𝑡𝑎𝑙

𝑄
 (1) 

where 𝐸𝑡𝑜𝑡𝑎𝑙 denotes the total energy consumed during the manufacturing process and 𝑄 represents the 

amount of product produced. Depending on the application, SEC may be reported in units such as 

𝑘𝑊ℎ 𝑘𝑔⁄ , 𝑀𝐽 𝑘𝑔⁄ , 𝑘𝑊ℎ 𝑚3⁄ , or 𝑘𝑊ℎ 𝑢𝑛𝑖𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡⁄ .  

The popularity of SEC stems from its simplicity and practical relevance. Unlike total energy 

consumption, which depends strongly on production volume, SEC provides a normalized indicator that 

allows manufacturers to assess process efficiency independently of production scale. Lower SEC values 

generally indicate more efficient manufacturing systems because less energy is required to produce each 

unit of output. 

From a manufacturing perspective, total energy consumption typically consists of several components: 

 𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 + 𝐸ℎ𝑒𝑎𝑡𝑖𝑛𝑔 + 𝐸𝑐𝑜𝑜𝑙𝑖𝑛𝑔 + 𝐸𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 (2) 

where: 

 𝐸𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 represents energy directly used for material processing, 

 𝐸ℎ𝑒𝑎𝑡𝑖𝑛𝑔 denotes thermal energy requirements, 

 𝐸𝑐𝑜𝑜𝑙𝑖𝑛𝑔 corresponds to cooling and thermal regulation energy, 

 𝐸𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 includes supporting energy demands such as compressed air, lighting, ventilation, 

sensors, and control systems. 

The relative contribution of these components varies significantly depending on the manufacturing 

technology employed. For example, extrusion and injection molding processes often exhibit substantial 

thermal energy demands due to material melting requirements, whereas mechanical processing 

operations may be dominated by motor power consumption and machine-tool interactions. 

For continuous manufacturing operations, SEC may also be expressed in terms of production rate: 

 SEC =
𝑃

𝑚̇
 (3) 

where 𝑃 is the average power consumption of the manufacturing system and 𝑚̇ is the material 

throughput rate. Equation (3) highlights an important characteristic of industrial production: increasing 

throughput often reduces SEC because fixed energy expenditures are distributed over a larger amount 

of product. This relationship explains why process optimization strategies frequently aim to increase 

production efficiency while minimizing energy consumption. 

In biocomposite manufacturing, SEC has become particularly important because sustainability 

assessments increasingly require evaluation of both environmental and energy performance. While 

biocomposites are frequently promoted as environmentally preferable alternatives to conventional 

composites, their overall sustainability depends not only on the use of renewable materials but also on 

the efficiency of the manufacturing processes used to produce them. Energy-intensive processing can 

significantly influence environmental outcomes and may partially offset the benefits associated with 

renewable feedstocks (Ghomi et al., 2021). 

Several factors influence SEC in biocomposite production systems. Material characteristics such as fiber 

type, fiber loading, moisture content, particle size distribution, and matrix properties can affect 

processing energy requirements. Process variables including temperature settings, screw speed, injection 

pressure, residence time, and production throughput also play important roles in determining overall 
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energy demand. Consequently, SEC is not solely a machine-dependent parameter but rather the result 

of complex interactions between material properties and process conditions. 

Additive manufacturing studies further illustrate the usefulness of SEC as an energy-efficiency 

indicator. Research has shown that printing parameters such as layer height, infill density, printing 

speed, and material selection can significantly affect energy consumption per unit product. In some 

cases, optimized process parameters have reduced specific energy consumption by more than 50%, 

highlighting the importance of process optimization in sustainable manufacturing systems (Garcia et al., 

2018; Fontana et al., 2025; Klejnowska et al., 2026). 

Beyond individual processes, SEC is increasingly used within broader sustainability frameworks and 

life cycle assessment studies. By linking energy consumption directly to product output, SEC provides 

a bridge between manufacturing performance and environmental indicators such as carbon footprint, 

greenhouse gas emissions, and resource efficiency. As a result, SEC serves not only as a technical 

measure of manufacturing efficiency but also as an important indicator for evaluating progress toward 

sustainable production and energy-related SDGs. 

For these reasons, SEC is adopted in this study as one of the primary indicators for assessing and 

comparing the energy performance of biocomposite manufacturing systems. Subsequent sections further 

examine how SEC interacts with resource efficiency, carbon intensity, digital optimization technologies, 

and circular manufacturing strategies to support sustainable industrial development. 

3.3. Energy Intensity and Energy Productivity Indicators 

While Specific Energy Consumption provides a direct measure of the energy required to manufacture a 

unit of product, additional indicators are often needed to evaluate manufacturing performance from 

broader economic and sustainability perspectives. Among the most widely adopted metrics are energy 

intensity and energy productivity, which provide complementary views of energy utilization within 

industrial systems. 

Energy intensity measures the amount of energy required to generate a unit of economic output. In 

manufacturing applications, it can be expressed as 

 𝐸𝐼 =
𝐸𝑡𝑜𝑡𝑎𝑙

𝑉𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
 (4) 

where 𝐸𝑡𝑜𝑡𝑎𝑙 is the total energy consumption and 𝑉𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 denotes the economic value of production. 

Lower energy-intensity values generally indicate more energy-efficient manufacturing operations. 

The inverse concept is energy productivity, which measures the economic output generated per unit of 

energy consumed: 

 𝐸𝑃 =
𝑉𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝐸𝑡𝑜𝑡𝑎𝑙
 (5) 

Higher energy productivity indicates more effective utilization of energy resources and is often 

employed in national and industrial energy-efficiency assessments (Zakari et al., 2022). 

In addition to economic indicators, manufacturing performance is frequently evaluated using power-

based metrics. The average power demand of a production system can be expressed as 

 𝑃𝑎𝑣𝑔 =
𝐸𝑡𝑜𝑡𝑎𝑙

𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 (6) 

where 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 denotes the operating time of the manufacturing process. This indicator is particularly 

useful for comparing technologies that operate under different production schedules. 

For sustainable manufacturing applications, energy indicators should be interpreted together rather than 

individually. A process may exhibit low specific energy consumption while simultaneously displaying 

poor energy productivity due to high operating costs or limited production value. Similarly, a highly 

productive process may still generate substantial environmental impacts if energy sources are carbon 

intensive. Consequently, contemporary energy-efficiency assessments increasingly combine SEC, 
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energy intensity, and energy productivity within integrated sustainability evaluation frameworks (Renna 

& Materi, 2021; Tariq et al., 2022). 

In biocomposite manufacturing, these indicators provide valuable insights into the trade-offs between 

material sustainability and manufacturing efficiency. Renewable materials may reduce environmental 

burdens associated with raw-material extraction, yet their processing requirements can influence energy 

intensity and overall production performance. Therefore, evaluating biocomposite manufacturing 

systems requires simultaneous consideration of technical, economic, and environmental dimensions of 

energy efficiency. 

3.4. Resource Efficiency and Material Utilization Metrics 

Energy efficiency alone does not provide a complete assessment of manufacturing sustainability. A 

process may consume relatively little energy while simultaneously generating excessive material waste, 

low product yields, or inefficient resource utilization. Consequently, resource efficiency has emerged as 

a complementary performance dimension that evaluates how effectively raw materials are converted 

into useful products. This perspective is particularly important in biocomposite manufacturing, where 

renewable feedstocks, natural fibers, and bio-based polymers are often promoted as environmentally 

preferable alternatives to conventional materials (Das et al., 2022; Lizundia et al., 2022). 

One of the most common indicators of resource efficiency is material yield, which quantifies the 

proportion of input material successfully transformed into final products: 

 𝑀𝑌 =
𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑟𝑎𝑤
 (7) 

where 𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡 represents the mass of the finished product and 𝑚𝑟𝑎𝑤 denotes the total mass of raw 

materials entering the process. Higher material-yield values indicate more efficient utilization of 

resources and reduced manufacturing waste. 

Closely related to material yield is the material loss ratio: 

 𝑀𝐿𝑅 =
𝑚𝑤𝑎𝑠𝑡𝑒

𝑚𝑟𝑎𝑤
 (8) 

where 𝑚𝑤𝑎𝑠𝑡𝑒 denotes the material discarded during manufacturing. Reducing material losses 

contributes directly to improved resource efficiency, lower production costs, and reduced environmental 

impacts. 

For sustainable manufacturing systems, resource efficiency is often expressed more generally as 

 𝑅𝐸 =
𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒
 (9) 

where 𝑚𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒 represents the total material resources consumed during production. This indicator 

provides a broader assessment of how effectively manufacturing systems transform resources into useful 

outputs and is closely aligned with SDG 12, which emphasizes responsible consumption and production. 

 𝑅𝑅 =
𝑚𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑

𝑚𝑤𝑎𝑠𝑡𝑒
× 100 (10) 

where 𝑚𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑 is the mass of recovered material returned to productive use. High recycling rates 

reduce demand for virgin raw materials and support circular manufacturing strategies. 

These indicators are particularly relevant for biocomposite systems because material selection and end-

of-life management significantly influence overall sustainability performance. Numerous studies have 

demonstrated that agricultural residues, natural fibers, recycled polymers, and bio-based matrices can 

improve resource utilization while simultaneously reducing environmental burdens (Mojapelo et al., 

2025; Shanmugam et al., 2021; Operato et al., 2023; Ortega et al., 2022). Furthermore, waste 

valorization approaches have shown considerable potential for transforming industrial and agricultural 

by-products into value-added composite materials, thereby improving both resource efficiency and 

circularity (Lizundia et al., 2022). 
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Resource-efficiency indicators become even more meaningful when evaluated together with energy 

metrics. For example, a manufacturing process may achieve low SEC values yet exhibit poor material 

yield due to excessive scrap generation. Conversely, a process with slightly higher energy consumption 

may prove more sustainable if it significantly reduces material losses and increases recyclability. 

Therefore, comprehensive assessments of biocomposite manufacturing should consider both energy-

related and material-related indicators rather than relying on a single performance measure. 

As sustainable manufacturing increasingly embraces circular economy principles, resource-efficiency 

metrics are expected to play an increasingly important role in decision-making. Combined with energy-

efficiency indicators, these metrics provide a more complete understanding of manufacturing 

sustainability and establish a foundation for the integrated assessment frameworks discussed in 

subsequent sections. 

3.5. Carbon Intensity and Environmental Performance Indicators 

Although energy efficiency and resource utilization provide valuable insights into manufacturing 

performance, they do not fully capture the environmental consequences of industrial activities. In recent 

years, increasing attention has been directed toward carbon intensity and related environmental 

performance indicators because of their direct connection to climate change, greenhouse gas emissions, 

and sustainability objectives. As manufacturing industries pursue decarbonization pathways, evaluating 

environmental performance alongside energy and resource efficiency has become essential for 

comprehensive sustainability assessment (Tariq et al., 2022; Türköz, 2025). 

One of the most widely used indicators is carbon intensity, which measures the amount of carbon dioxide 

emissions associated with a unit of product output: 

 𝐶𝐼 =
𝐶𝑂2

𝑄
 (11) 

where 𝐶𝑂2 denotes total carbon dioxide emissions generated during manufacturing and 𝑄 represents the 

quantity of product produced. Lower carbon-intensity values indicate reduced environmental impacts 

and improved climate performance. 

Because energy consumption is often the primary source of manufacturing emissions, carbon intensity 

is closely related to energy efficiency. A simplified relationship may be expressed as 

 𝐶𝑂2 = 𝐸𝐹 × 𝐸𝑡𝑜𝑡𝑎𝑙 (12) 

where 𝐸𝐹 is the emission factor of the energy source and 𝐸𝑡𝑜𝑡𝑎𝑙 is the total energy consumed. This 

relationship highlights an important principle: reductions in energy consumption generally contribute to 

lower emissions, but the magnitude of the reduction also depends on the carbon intensity of the energy 

supply itself. 

To evaluate environmental performance more broadly, manufacturing studies frequently employ 

indicators derived from Life Cycle Assessment (LCA). Unlike process-level energy metrics, LCA-based 

indicators consider environmental impacts throughout the entire product life cycle, including raw 

material extraction, transportation, manufacturing, use, and end-of-life management. Such assessments 

are particularly important for biocomposites because environmental benefits associated with renewable 

feedstocks may be influenced by transportation requirements, processing energy demands, and disposal 

strategies (Walker & Rothman, 2020; Pamakštys et al., 2026). 

Among the environmental indicators commonly reported in the literature, Global Warming Potential 

(GWP) remains one of the most widely used. GWP quantifies the cumulative contribution of greenhouse 

gases to climate change and is generally expressed in terms of carbon dioxide equivalents. Numerous 

life-cycle studies have employed GWP to compare conventional composites with bio-based alternatives, 

often demonstrating that appropriately designed biocomposites can achieve substantial reductions in 

environmental impacts (Beigbeder et al., 2019; Operato et al., 2023). 

Environmental performance can also be expressed through carbon efficiency, which relates useful 

production output to associated emissions: 
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 𝐶𝐸 =
𝑄

𝐶𝑂2
 (13) 

Higher carbon-efficiency values indicate that greater amounts of product are generated per unit of carbon 

emitted and therefore represent improved environmental performance. 

For biocomposite manufacturing, environmental assessment is particularly important because 

sustainability claims are frequently based on the renewable nature of constituent materials. However, f 

studies have emphasized that renewable feedstocks do not automatically guarantee superior 

environmental performance. Factors such as agricultural practices, transportation distances, processing 

conditions, additive usage, and end-of-life scenarios can significantly influence life-cycle impacts (Ead 

et al., 2021; Chen et al., 2024). Rigorous environmental assessment is necessary to determine whether 

biocomposite systems deliver genuine sustainability advantages over conventional alternatives. 

The integration of carbon-intensity indicators with energy-efficiency and resource-efficiency metrics 

provides a more comprehensive evaluation of manufacturing sustainability. While energy indicators 

reveal how efficiently energy is utilized and resource indicators measure material utilization 

effectiveness, environmental indicators quantify the broader ecological consequences of production 

activities. These metrics establish multidimensional framework for assessing sustainable manufacturing 

performance and provide a quantitative basis for linking industrial practices with SDGs 7, 12, and 13. 

3.6. Mapping Manufacturing Indicators to SDG Metrics 

The manufacturing indicators discussed in the preceding sections can be linked directly to several SDGs, 

thereby providing a broader sustainability context for evaluating industrial performance. Rather than 

serving solely as engineering measures, these indicators can also be interpreted as quantitative tools for 

assessing progress toward sustainable development objectives. 

Energy-related indicators such as SEC, energy intensity, and energy productivity are closely associated 

with SDG 7, particularly Target 7.3, which emphasizes improvements in energy efficiency. Lower SEC 

and energy-intensity values indicate more efficient utilization of energy resources, while higher energy 

productivity reflects greater economic value generated per unit of energy consumed (Zakari et al., 2022). 

Resource-efficiency indicators, including material yield and recycling rate, contribute directly to SDG 

12. These metrics evaluate how effectively raw materials are utilized and how successfully waste 

streams are reintegrated into production systems. Consequently, they provide practical measures of 

circularity and sustainable resource management (Das et al., 2022; Lizundia et al., 2022). Carbon 

intensity and carbon efficiency support SDG 13 by quantifying the environmental consequences of 

manufacturing activities. Reductions in carbon intensity generally indicate lower greenhouse-gas 

emissions and improved environmental performance throughout product life cycle (Tariq et al., 2022).  

In addition, the adoption of advanced technologies aligns with SDG 9 through enhanced industrial 

efficiency, technological innovation, and sustainable production practices (Abadi et al., 2025). Table 1 

summarizes the relationships between the principal manufacturing indicators and the SDGs considered. 

 

Table 1. Relationship between manufacturing indicators and SDGs 

Indicator Primary SDG 

SEC SDG 7 

Energy Intensity SDG 7 

Energy Productivity SDG 7 

Material Yield SDG 12 

Resource Efficiency SDG 12 

Recycling Rate SDG 12 

Carbon Intensity SDG 13 

Carbon Efficiency SDG 13 
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4. Energy Consumption across the Biocomposite Life Cycle 

4.1. Life Cycle Assessment (LCA) Frameworks 

LCA is a widely used methodology for evaluating the environmental performance of products and 

manufacturing systems throughout their life cycles. In biocomposite manufacturing, LCA is particularly 

important because sustainability depends not only on renewable feedstocks but also on the energy and 

environmental impacts associated with material production, transportation, manufacturing, use, and end-

of-life management (Walker & Rothman, 2020; Ead et al., 2021). A typical LCA study consists of four 

stages: goal and scope definition, Life Cycle Inventory, Life Cycle Impact Assessment, and 

interpretation. Depending on the objectives of the study, different system boundaries may be employed 

to evaluate energy consumption and environmental performance across the product life cycle (Çevik, 

2025; Beigbeder et al., 2019). 

4.1.1. Cradle-to-Gate Assessment 

Cradle-to-gate assessment evaluates environmental impacts from raw material extraction and 

acquisition through manufacturing, ending when the finished product leaves the factory gate. This 

approach is widely used in industrial studies because it focuses on stages directly controlled by 

manufacturers and requires less data than full life-cycle analyses. In biocomposite research, cradle-to-

gate assessments are commonly employed to compare the embodied energy, carbon footprint, and 

resource requirements of bio-based and conventional materials. Such studies often identify raw material 

production and manufacturing processes as the dominant contributors to energy consumption and 

environmental impacts (Beigbeder et al., 2019; Ghomi et al., 2021; Äkräs et al., 2024). 

4.1.2. Cradle-to-Grave Assessment 

Cradle-to-grave assessment extends the system boundary beyond manufacturing to include product 

distribution, use, maintenance, and end-of-life treatment. This approach provides a more comprehensive 

evaluation of sustainability by capturing impacts that occur throughout the entire life cycle of a product. 

For biocomposites, cradle-to-grave analyses are particularly important because environmental benefits 

achieved during manufacturing may be enhanced or diminished by transportation requirements, service-

life performance, recyclability, and disposal methods. Consequently, this framework is frequently used 

to evaluate the overall sustainability of bio-based materials relative to conventional alternatives. 

4.1.3. Circular Life Cycle Models 

Circular life cycle models, often referred to as cradle-to-cradle approaches, incorporate recycling, reuse, 

remanufacturing, and material recovery into the assessment framework. Unlike linear life-cycle models 

that terminate at product disposal, circular models view waste streams as potential resources that can be 

reintroduced into production systems. This perspective aligns closely with circular economy principles 

and SDG 12, which emphasizes responsible consumption and production. In the context of biocomposite 

manufacturing, circular life cycle models are increasingly applied to evaluate the benefits of recycled 

polymers, agricultural residues, waste valorization strategies, and closed-loop material systems, thereby 

providing a more holistic understanding of long-term sustainability performance (Das et al., 2022). 

4.2. Energy Demand during Raw Material Production 

Raw material production is the first major stage of the biocomposite life cycle and often accounts for a 

substantial share of total embodied energy. Energy consumption arises from feedstock cultivation, 

harvesting, extraction, transportation, and processing. Although biocomposites are generally viewed as 

environmentally favorable alternatives to conventional composites, their overall sustainability depends 

strongly on the energy requirements of raw material production. Consequently, evaluating the energy 

demand associated with natural fibers, bio-based polymers, and waste-derived feedstocks is essential 

for assessing the life-cycle energy performance of biocomposite systems (Beigbeder et al., 2019). 

4.2.1. Natural Fibers 

Natural fibers such as hemp, flax, jute, kenaf, sisal, and cellulose-based reinforcements are among the 

most widely used constituents of biocomposites. Compared with conventional reinforcements such as 

glass fibers, natural fibers generally require less processing energy because they originate from 
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renewable biological resources and often undergo less energy-intensive extraction and preparation 

procedures. Nevertheless, energy demand can vary considerably depending on agricultural practices, 

irrigation requirements, fertilizer use, harvesting methods, fiber extraction technologies, and 

transportation distances. While numerous studies report lower embodied energy for natural fibers than 

for synthetic reinforcements, the overall environmental benefits depend on efficient cultivation and 

processing systems that minimize energy inputs throughout the supply chain (Abdur Rahman et al., 

2023; Elfaleh et al., 2023; Naik et al., 2022). 

4.2.2. Bio-Based Polymers 

Bio-based polymers constitute the matrix phase of many modern biocomposites and are increasingly 

used as alternatives to petroleum-derived plastics. Among these materials, PLA has attracted particular 

attention because it is produced from renewable feedstocks and exhibits favorable processing 

characteristics. Despite their renewable origin, bio-based polymers still require substantial energy inputs 

during feedstock conversion, polymerization, purification, and material preparation. The energy 

performance of these materials therefore depends not only on their biological source but also on the 

efficiency of industrial production processes. Recent studies indicate that bio-based polymers can offer 

environmental advantages over conventional plastics; however, such benefits are highly sensitive to 

production technologies, energy sources, and system boundaries considered in life-cycle assessments 

(Kanematsu et al., 2025; Tomec et al., 2024; Rabbi et al., 2026). 

4.2.3. Agricultural and Industrial Waste Feedstocks 

Agricultural residues and industrial by-products have emerged as attractive feedstocks for sustainable 

biocomposite production because they reduce reliance on virgin resources while promoting circular 

economy principles. Materials such as crop residues, food-processing waste, forestry by-products, and 

recycled polymers can often be incorporated into composite systems with relatively limited additional 

resource extraction. Since these materials already exist as waste streams, their embodied energy is 

frequently lower than that of newly produced raw materials. However, energy requirements associated 

with collection, sorting, cleaning, transportation, and processing must still be considered. Numerous 

studies have shown that waste-derived feedstocks can significantly improve both resource efficiency 

and environmental performance, particularly when integrated into closed-loop manufacturing systems 

and waste-valorization strategies (Fatchurrohman & Yetrina, 2025). 

4.3. Energy Demand during Manufacturing Processes 

Manufacturing processes represent one of the most energy-intensive stages of the biocomposite life 

cycle and strongly influence the overall energy performance of the final product. Energy consumption 

depends on factors such as process type, operating conditions, material characteristics, production scale, 

and equipment efficiency. In biocomposite manufacturing, thermal energy is required for material 

softening, melting, curing, and consolidation, while mechanical energy is consumed by motors, presses, 

pumps, and auxiliary systems. Because these operations are directly controllable, manufacturing offers 

significant opportunities for energy optimization and sustainability improvement (Renna & Materi, 

2021; Operato et al., 2023). The most widely used biocomposite manufacturing processes include 

extrusion, injection molding, compression molding, and thermoforming. 

4.3.1. Extrusion 

Extrusion is widely used for manufacturing biocomposite pellets, profiles, sheets, and precursor 

materials. In this process, polymer matrices and reinforcements are conveyed, mixed, melted, and 

homogenized within a heated barrel before being forced through a die. Energy consumption arises 

primarily from barrel heating and screw rotation, with the relative contributions of thermal and 

mechanical energy depending on processing temperature, screw speed, throughput rate, material 

viscosity, and fiber loading. Studies indicate that excessive temperatures and screw speeds can increase 

energy demand without improving product quality, making process optimization one of the most 

effective strategies for reducing specific energy consumption in extrusion-based biocomposite 

manufacturing (Ghomi et al., 2021; Fontana et al., 2025). 
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4.3.2. Injection Molding 

Injection molding is widely used to produce complex biocomposite components with high dimensional 

accuracy and repeatability. The process involves melting the composite material, injecting it into a mold 

cavity, and cooling the part prior to ejection. Energy consumption is dominated by material melting, 

injection pressure generation, mold temperature control, and cooling operations, with heating and 

cooling often accounting for a substantial share of total demand. Consequently, parameters such as melt 

temperature, injection pressure, cycle time, and mold design strongly influence energy efficiency. 

Optimized processing conditions and energy-efficient molding systems can significantly reduce energy 

consumption while maintaining product performance (Curto et al., 2021). 

4.3.3. Compression Molding 

Compression molding is frequently used for manufacturing natural-fiber-reinforced composites, 

particularly in automotive, construction, and structural applications. In this process, composite material 

is placed within a heated mold and consolidated under pressure until the desired shape is achieved. 

Compared with some alternative manufacturing techniques, compression molding often requires 

relatively simple equipment and can process large components efficiently. Nevertheless, significant 

energy consumption may arise from mold heating, pressure generation, and curing operations. The 

overall energy demand is strongly influenced by processing temperature, molding pressure, curing 

duration, and material composition. Several studies have reported that careful optimization of curing 

cycles and temperature profiles can improve energy efficiency while preserving mechanical properties 

(Abdur Rahman et al., 2023; Naik et al., 2022). 

4.3.4. Thermoforming 

Thermoforming is commonly employed for shaping thermoplastic sheets into finished products through 

controlled heating and forming operations. The process typically involves heating a sheet material above 

its softening temperature, forming it over a mold, and subsequently cooling it to retain the desired 

geometry. In biocomposite applications, thermoforming is increasingly used for lightweight panels, 

packaging materials, and semi-structural components. The primary sources of energy consumption are 

sheet heating and thermal control systems, while mechanical forming generally requires comparatively 

lower energy inputs. Process efficiency is therefore strongly dependent on heating strategies, 

temperature uniformity, cycle times, and material characteristics. Because thermoforming often involves 

fewer processing steps than some alternative manufacturing methods, it can provide energy-efficiency 

advantages when properly optimized (Mann et al., 2020; Saharudin et al., 2025). 

4.4. Transportation and Supply Chain Energy Consumption 

Transportation and supply chain activities contribute to the overall energy demand of biocomposite 

systems by enabling the movement of raw materials, intermediate products, and finished goods 

throughout the product life cycle. Although transportation energy is generally lower than the energy 

associated with raw material production and manufacturing, it can significantly influence overall 

sustainability performance, particularly when supply chains are geographically dispersed (Walker & 

Rothman, 2020). Transportation energy demand depends primarily on transported mass, transportation 

distance, and transport mode, and may be approximated by 

 𝐸𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 = 𝑚𝑑𝑒𝑡 (14) 

where 𝑚 is the transported mass, 𝑑 is the transportation distance, and 𝑒𝑡 is the specific transportation 

energy requirement. 

For biocomposites, transportation requirements are particularly important because natural fibers and 

bio-based feedstocks are frequently sourced from agricultural regions that may be distant from 

processing and manufacturing facilities. Consequently, long transportation routes can reduce some of 

the environmental advantages associated with renewable materials (Chen et al., 2024). 

Supply chain design therefore plays a critical role in sustainable manufacturing. Local sourcing, efficient 

logistics, and optimized transportation networks can reduce both energy consumption and emissions, 

while circular economy strategies can further improve resource utilization despite introducing additional 
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collection and recycling flows (Habineza, 2025). Accordingly, transportation should be considered an 

important, though often secondary, contributor to the overall energy performance of biocomposite 

manufacturing systems. 

4.5. End-of-Life Energy Considerations 

End-of-life management represents the final stage of the biocomposite life cycle and can significantly 

influence overall energy performance and sustainability outcomes. Traditionally, products reaching the 

end of their service life are disposed of through landfilling or incineration; however, increasing 

environmental concerns have encouraged the adoption of recycling, reuse, and material recovery 

strategies. The selection of an end-of-life pathway affects not only waste generation but also the 

cumulative energy demand associated with the product life cycle (Walker & Rothman, 2020). 

Among available options, recycling is generally regarded as one of the most effective approaches for 

reducing life-cycle energy consumption because it decreases the demand for virgin raw materials and 

avoids the energy expenditures associated with primary material production. The potential energy 

savings achieved through recycling can be expressed as 

 𝐸𝑠𝑎𝑣𝑒𝑑 = 𝐸𝑣𝑖𝑟𝑔𝑖𝑛 − 𝐸𝑟𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔 (15) 

where 𝐸𝑣𝑖𝑟𝑔𝑖𝑛 denotes the energy required for producing virgin material and 𝐸𝑟𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔 represents the 

energy consumed during recycling operations. Larger values of 𝐸𝑠𝑎𝑣𝑒𝑑 indicate greater energy benefits 

from material recovery. 

End-of-life management in biocomposite systems can be more complex than in conventional materials 

because products often contain multiple constituents with different degradation and recycling 

characteristics. Nevertheless, recycling, waste valorization, and circular manufacturing strategies have 

been shown to improve resource efficiency and reduce environmental impacts (Shanmugam et al., 

2021). For materials that are difficult to recycle mechanically, energy recovery through thermal 

conversion processes may provide an alternative utilization pathway by generating useful energy from 

waste streams. However, because such approaches also consume energy and generate emissions, their 

sustainability should be evaluated on a case-by-case basis using life-cycle assessment methodologies 

(Pamakštys et al., 2026). 

4.5.1. Recycling 

Recycling is one of the most effective end-of-life strategies for reducing the cumulative energy demand 

of biocomposite systems. By recovering materials from post-consumer or post-industrial waste streams, 

recycling decreases the need for virgin raw material production, which is often considerably more 

energy intensive. In addition to lowering energy consumption, recycling contributes to waste reduction, 

resource conservation, and circular economy objectives. Although the recyclability of biocomposites 

may be influenced by fiber degradation, matrix characteristics, and material heterogeneity, numerous 

studies have demonstrated that appropriate recycling strategies can significantly improve the overall 

sustainability performance of bio-based materials (Lizundia et al., 2022). 

4.5.2. Reuse 

Reuse extends the service life of products or components by allowing them to be employed again without 

substantial reprocessing. Because reuse avoids many of the energy expenditures associated with 

manufacturing replacement products, it is often regarded as one of the most resource-efficient end-of-

life options. In biocomposite applications, reuse may involve the continued utilization of structural 

components, packaging materials, or semi-finished products in secondary applications. Although reuse 

opportunities depend on product design, durability, and performance retention, extending product life 

generally reduces life-cycle energy demand and environmental impacts by delaying the need for new 

material production (Walker & Rothman, 2020). 

4.5.3. Energy Recovery 

Energy recovery extracts useful energy from waste materials through thermal conversion processes such 

as combustion, gasification, and pyrolysis. This approach is particularly relevant for materials that are 
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difficult to recycle and can partially offset energy demand by generating heat, electricity, or fuel 

products. However, because it does not preserve material value, energy recovery is generally viewed as 

a complementary strategy within circular economy frameworks rather than a substitute for recycling and 

reuse (Pamakštys et al., 2026; Shanmugam et al., 2021). 

4.6. Relationship between Energy Efficiency and Carbon Footprint 

Energy efficiency and carbon footprint are closely linked because energy consumption is a major driver 

of greenhouse-gas emissions throughout the product life cycle. In general, lower energy demand leads 

to lower emissions, although the extent of this reduction depends on the carbon intensity of the energy 

source. For biocomposite systems, this relationship is particularly important because the environmental 

benefits of renewable materials can be enhanced or diminished by the energy requirements of 

cultivation, processing, transportation, manufacturing, and end-of-life management. Numerous life-

cycle assessment studies have shown that lower energy consumption is often associated with reduced 

carbon footprints, highlighting the importance of integrating energy-efficiency strategies with broader 

sustainability objectives and SDGs related to clean energy, responsible production, and climate action.  

 

5. Engineering Strategies for Energy-Efficient Biocomposite 

Manufacturing 

This section examines engineering approaches for reducing energy consumption and improving 

sustainability performance throughout biocomposite manufacturing processes. 

5.1. Material Design Strategies 

Material design strategies focus on optimizing feedstock selection, fiber reinforcement, and matrix 

composition to reduce embodied energy while maintaining the desired mechanical and environmental 

performance of biocomposite systems. 

5.1.1. Low-Energy Feedstocks 

The selection of low-energy feedstocks represents one of the most effective strategies for improving the 

energy performance of biocomposite manufacturing. Feedstocks derived from renewable resources, 

agricultural residues, forestry by-products, and industrial waste streams generally require less 

cumulative energy than conventional petroleum-based materials because they reduce the need for 

energy-intensive extraction and primary processing operations. Furthermore, the utilization of locally 

available feedstocks can decrease transportation-related energy demand and associated emissions. 

Consequently, the adoption of low-energy feedstocks not only improves manufacturing energy 

efficiency but also supports circular economy principles and sustainable resource management 

objectives (Fatchurrohman & Yetrina, 2025; Lizundia et al., 2022). 

5.1.2. Natural Fiber Selection 

Natural fiber selection plays a critical role in determining both the mechanical performance and energy 

efficiency of biocomposite systems. Fibers such as hemp, flax, jute, kenaf, and sisal generally exhibit 

lower embodied energy than synthetic reinforcements such as glass fibers because their production 

involves fewer energy-intensive processing steps. However, the energy performance of natural fibers 

can vary considerably depending on cultivation practices, harvesting methods, fiber extraction 

technologies, and transportation requirements. Therefore, selecting fibers with favorable mechanical 

properties, low processing requirements, and sustainable supply chains can significantly reduce the 

overall energy demand of biocomposite manufacturing while maintaining product performance (Abdur 

Rahman et al., 2023; Elfaleh et al., 2023; Naik et al., 2022). 

5.1.3. Bio-Based Matrix Optimization 

The matrix phase often constitutes a substantial portion of a biocomposite and therefore strongly 

influences manufacturing energy consumption. Optimizing bio-based matrices involves selecting 

materials that combine desirable mechanical properties with low processing temperatures, efficient 

manufacturability, and reduced environmental impacts. PLA and other bio-based polymers have 
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attracted considerable attention because they can be processed using conventional manufacturing 

technologies while reducing dependence on fossil resources. Improvements in polymer formulations 

and processing characteristics can lower energy requirements during melting, mixing, and shaping 

operations. Matrix optimization represents an effective strategy for enhancing both manufacturing 

efficiency and sustainability performance (Tomec et al., 2024; Kanematsu et al., 2025). 

5.2. Process Optimization Strategies 

Process optimization strategies aim to minimize energy consumption by improving operating 

conditions, reducing process inefficiencies, and enhancing overall manufacturing performance without 

compromising product quality. 

 Throughput Optimization: Increasing production throughput can reduce specific energy 

consumption by distributing fixed energy expenditures over a larger quantity of product, thereby 

improving overall manufacturing efficiency. 

 Thermal Profile Optimization: Optimized temperature settings reduce unnecessary heating 

requirements while maintaining adequate material processing conditions, leading to lower 

energy demand and improved process stability. 

 Moisture Control and Drying Efficiency: Effective moisture management minimizes drying 

energy requirements, prevents material degradation, and improves processing efficiency, 

particularly for natural-fiber-reinforced biocomposites. 

 Equipment Efficiency Improvements: The adoption of energy-efficient motors, heating systems, 

control technologies, and modern manufacturing equipment can significantly reduce energy 

losses and improve overall process performance. 

5.3. Energy-Efficient Additive Manufacturing 

Additive manufacturing offers opportunities for material-efficient production and reduced waste 

generation, making it an increasingly attractive approach for sustainable biocomposite manufacturing. 

5.3.1. PLA-Based Systems 

PLA-based systems are widely used in additive manufacturing due to their renewable origin, favorable 

processing characteristics, and relatively low environmental impact compared with conventional 

petroleum-based polymers. 

5.3.2. Biocomposite Filaments 

Biocomposite filaments incorporating natural fibers or waste-derived reinforcements can improve 

material sustainability while maintaining the design flexibility offered by additive manufacturing 

technologies. 

5.3.3. Process Parameter Optimization 

Optimizing printing parameters such as layer height, infill density, print speed, and nozzle temperature 

can significantly reduce energy consumption while preserving product quality and mechanical 

performance. 

5.4. Circular Economy Strategies 

Circular economy strategies seek to minimize waste generation and resource consumption by extending 

material lifecycles through reuse, recycling, and recovery practices. 

5.4.1. Waste Valorization 

Waste valorization transforms agricultural residues, industrial by-products, and other waste into value-

added biocomposite materials, thus improving resource efficiency and reducing environmental burdens. 

5.4.2. Recycling of Biocomposites 

Recycling enables the recovery and reuse of valuable materials from end-of-life biocomposite products, 

reducing the demand for virgin resources and lowering life-cycle energy consumption. 
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5.4.3. Closed-Loop Manufacturing 

Closed-loop manufacturing reintegrates recovered materials into production processes, creating circular 

material flows that enhance sustainability while reducing waste and resource depletion. 

6. Digital Technologies for Energy Optimization 

Digital technologies are transforming manufacturing systems by enabling real-time monitoring, 

predictive analytics, and intelligent decision-making to improve energy efficiency and sustainability 

performance. 

6.1. AI in Energy-Efficient Manufacturing 

AI supports energy-efficient manufacturing through data-driven optimization, adaptive control, and 

automated decision-making that reduce energy consumption while maintaining productivity. By 

analyzing large volumes of operational data, AI systems can identify hidden patterns, predict process 

behavior, and recommend optimal operating conditions that improve manufacturing performance. As a 

result, AI is increasingly being adopted as a key enabling technology for sustainable manufacturing, 

energy management, and industrial resource optimization. 

6.2. ML for Energy Prediction and Monitoring 

ML algorithms can analyze operational data to predict energy demand, identify inefficiencies, and 

support proactive energy-management strategies in manufacturing environments. By learning patterns 

from historical production and energy-consumption data, these models can provide accurate forecasts 

of future energy requirements and detect abnormal operating conditions before they result in excessive 

energy use. Consequently, ML has emerged as a valuable tool for improving energy efficiency, 

optimizing production schedules, and supporting data-driven decision-making in sustainable 

manufacturing systems. 

6.3. Deep Learning Applications in Manufacturing Systems 

Deep learning techniques enable the analysis of complex and high-dimensional manufacturing data, 

facilitating more accurate predictions of energy consumption, process behavior, and system 

performance. 

6.4.  Reinforcement Learning for Process Optimization 

Reinforcement learning allows manufacturing systems to autonomously identify optimal operating 

conditions through continuous interaction with the production environment, thereby improving energy 

efficiency and process performance. 

6.5. Digital Twin (DT) Technology 

DT technology creates a virtual representation of a physical manufacturing system, enabling real-time 

monitoring, simulation, and optimization of operational performance. By integrating physical assets, 

sensors, data communication systems, and analytical models, DTs establish a continuous connection 

between physical and digital environments. In manufacturing applications, energy-oriented DTs support 

the monitoring, prediction, and optimization of energy consumption, thereby improving process 

efficiency and reducing energy waste. 

6.6. Industrial Internet of Things (IIoT) and Smart Manufacturing 

The IIoT enables the collection, exchange, and analysis of real-time data from interconnected machines, 

sensors, and production systems, thereby enhancing visibility across manufacturing operations. 

Combined with smart manufacturing technologies, IIoT supports predictive maintenance, process 

optimization and energy-aware decision-making, contributing to improved efficiency and sustainability. 

6.7. Synergistic Integration of AI, DTs, and Energy Management 

The integration of AI, DTs, and energy-management systems enables a comprehensive approach to 

optimizing manufacturing performance and sustainability. DTs provide real-time representations of 

physical processes, while AI algorithms analyze operational data to predict energy demand, identify 
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inefficiencies, and recommend optimal control actions. Together, these technologies support adaptive 

and data-driven decision-making that improves energy efficiency without compromising productivity 

or product quality. Consequently, their combined application is increasingly recognized as a key enabler 

of smart, sustainable, and energy-efficient manufacturing systems. 

 

7. Quantitative Framework for Energy-Efficient Biocomposite 

Manufacturing 

This section presents a quantitative framework that integrates energy, resource, and environmental 

performance indicators to support the systematic assessment and optimization of energy-efficient 

biocomposite manufacturing systems. 

7.1. Energy Efficiency Indicators 

Energy efficiency indicators evaluate how effectively energy resources are utilized during 

manufacturing operations. Metrics such as SEC, energy intensity, and energy productivity provide 

quantitative measures of the relationship between energy consumption and production output. These 

indicators serve as the primary basis for identifying inefficiencies and assessing opportunities for energy 

optimization. 

7.2. Resource Efficiency Indicators 

Resource efficiency indicators assess the effectiveness with which raw materials are converted into 

useful products while minimizing waste generation. Measures such as material yield, resource utilization 

efficiency, and recycling rate provide insights into the sustainability of manufacturing processes. 

Improved resource efficiency contributes directly to reduced material consumption, lower costs, and 

enhanced environmental performance. 

7.3. Carbon Efficiency Indicators 

Carbon efficiency indicators quantify the relationship between manufacturing output and associated 

greenhouse-gas emissions. Metrics such as carbon intensity and carbon efficiency enable the evaluation 

of climate-related impacts and support the development of low-carbon manufacturing strategies. These 

indicators are particularly important for assessing progress toward decarbonization and climate-action 

objectives. 

7.4. Circularity Indicators 

Circularity indicators measure the extent to which materials are recovered, reused, recycled, or 

reintegrated into production systems. Such metrics provide a quantitative assessment of circular 

economy performance and help evaluate the effectiveness of waste-reduction strategies. Higher 

circularity generally corresponds to improved resource conservation, reduced environmental burdens, 

and enhanced long-term sustainability. 

7.5. SDG-Oriented Manufacturing Performance Matrix 

The SDG-Oriented Manufacturing Performance Matrix integrates energy, resource, environmental, and 

innovation indicators within a unified framework aligned with SDGs 7, 9, 12, and 13. By linking 

manufacturing metrics to specific sustainability objectives, the matrix enables a more comprehensive 

assessment of industrial performance beyond conventional productivity measures. Such an approach 

facilitates benchmarking, decision-making, and the identification of improvement opportunities in 

sustainable biocomposite manufacturing systems. 

7.6. Comparative Evaluation Framework for Sustainable Manufacturing Systems 

A comparative evaluation framework is proposed to assess manufacturing systems using four key 

sustainability dimensions: energy efficiency, resource efficiency, environmental performance, and 

circularity (See Table 2). Each dimension is represented by a normalized score ranging from 0 to 100, 

enabling direct comparison among alternative materials, processes, and production strategies. 
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The overall Sustainable Manufacturing Index (SMI) is defined as 

 SMI = 𝑤𝐸𝐸𝑠 + 𝑤𝑅𝑅𝑠 + 𝑤𝐶𝐶𝑠 + 𝑤𝐶𝐼𝐶𝐼𝑠 (16) 

where 𝐸𝑠, 𝑅𝑠, 𝐶𝑠, and 𝐶𝐼𝑠 denote the energy, resource, carbon, and circularity scores, respectively. For 

simplicity, equal weighting may be adopted when no specific sustainability priorities are defined. 

 

Table 2. Proposed sustainability evaluation framework 

Dimension Example Indicator 

Energy Efficiency SEC, Energy Intensity 

Resource Efficiency Material Yield, RE 

Environmental Performance Carbon Intensity 

Circularity Recycling Rate 

 

This framework provides a practical basis for comparing manufacturing alternatives and supports SDG-

oriented sustainability assessment by simultaneously considering energy, resource, environmental, and 

circularity performance. 

 

8. Proposed Integrated Framework 

8.1. Conceptual Architecture 

Based on the reviewed literature, an integrated framework is proposed to connect material selection, 

manufacturing operations, digital technologies, sustainability assessment, and SDGs within a unified 

decision-support structure. Adopting a life-cycle perspective, the framework tracks biocomposite 

materials through manufacturing, monitoring, assessment, and optimization stages while continuously 

evaluating energy, resource, and environmental performance. At the operational level, biocomposite 

material design and manufacturing processes generate energy-consumption and resource-utilization 

data. Advanced digital technologies support these activities through real-time monitoring, predictive 

analysis, and process optimization. The resulting data are assessed using the quantitative indicators 

presented in Section 7, including energy efficiency, resource efficiency, carbon efficiency, and 

circularity metrics. 

These indicators are subsequently integrated within an SDG-oriented evaluation layer aligned with 

SDGs 7, 9, 12, and 13. Feedback from this assessment process supports continuous improvement, 

creating a closed-loop sustainability framework for biocomposite manufacturing. The conceptual 

architecture of the proposed framework is illustrated in Figure 1. 
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Figure 1. Integrated framework linking biocomposite materials, manufacturing processes, digital 

technologies, sustainability performance indicators, and SDGs. 

This architecture provides a holistic framework for evaluating and improving the sustainability 

performance of biocomposite manufacturing systems by integrating engineering, environmental, and 

digital perspectives within a common assessment structure. 

8.2. Framework Components and Integration 

The proposed framework integrates biocomposite materials, manufacturing processes, digital 

technologies, life-cycle assessment, and circular economy principles within a unified sustainability 

architecture. Manufacturing operations generate energy and resource consumption data, while AI, DTs, 

and IIoT technologies provide monitoring, prediction, and optimization capabilities. LCA supplies a 

life-cycle perspective for environmental assessment, whereas circular economy principles support 

resource recovery and closed-loop production. Together, these components enable energy-efficient and 

sustainable biocomposite manufacturing. 

8.3. SDG Evaluation Layer 

The SDG Evaluation Layer translates manufacturing performance indicators into sustainability 

outcomes by linking energy, resource, environmental, and innovation metrics to relevant SDGs. This 

layer enables the proposed framework to assess manufacturing performance not only from an 

engineering perspective but also in terms of broader sustainability objectives. 

8.3.1. SDG 7 Assessment 

The framework supports SDG 7 by promoting improvements in energy efficiency through reduced SEC, 

optimized manufacturing operations, and data-driven energy management. These improvements 

contribute directly to more efficient utilization of energy resources across the biocomposite 

manufacturing lifecycle. 

8.3.2. SDG 9 Assessment 

The framework contributes to SDG 9 through the integration of advanced digital technologies which 

enhance industrial innovation, support intelligent manufacturing, and facilitate continuous performance 

improvement. 

8.3.3. SDG 12 Assessment 

The framework supports SDG 12 by encouraging efficient resource utilization, waste minimization, 

recycling, and circular manufacturing practices. The incorporation of renewable feedstocks and 

circularity indicators further strengthens sustainable production and consumption patterns. 

8.3.4. SDG 13 Assessment 

The framework contributes to SDG 13 by reducing energy consumption, lowering carbon intensity, and 

promoting environmentally responsible manufacturing practices. Through the combined application of 

energy-efficiency strategies and life-cycle thinking, the framework supports the transition toward lower-

carbon manufacturing systems. 

8.4. Framework Benefits and Industrial Applications 

The proposed framework offers several advantages for sustainable biocomposite manufacturing by 

integrating material design, manufacturing processes, digital technologies, life-cycle assessment, and 

circular economy principles within a unified structure. Through continuous monitoring and performance 

evaluation, the framework supports reductions in energy consumption, improvements in resource 

utilization, lower carbon emissions, and enhanced overall sustainability performance. Furthermore, the 

incorporation of AI and DT technologies enables data-driven optimization and adaptive decision-

making in complex manufacturing environments. 

From an industrial perspective, the framework can be applied across a wide range of sectors that utilize 

biocomposite materials, including automotive, construction, packaging, consumer products, and 

additive manufacturing. Manufacturers can employ the framework to compare alternative materials and 
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processes, identify energy-saving opportunities, evaluate sustainability performance, and support 

compliance with environmental regulations and sustainability targets. Consequently, the framework 

provides a practical foundation for advancing energy-efficient manufacturing while contributing to 

broader industrial sustainability and SDGs. 

 

9. Future Research Directions 

Despite significant advances in sustainable manufacturing, several research gaps remain in the field of 

energy-efficient biocomposite production. Existing studies often address energy efficiency, material 

sustainability, digital technologies, life-cycle assessment, and circular economy principles 

independently, with limited development of integrated assessment frameworks. Furthermore, the 

combined application of AI, DTs, and LCA for real-time energy optimization remains insufficiently 

explored, while the lack of standardized sustainability indicators hinders meaningful comparisons 

among manufacturing systems. Future research should therefore focus on developing data-driven and 

digitally enabled frameworks that integrate energy, resource, environmental, and circularity 

considerations to support more intelligent, adaptive, and sustainable biocomposite manufacturing 

systems. 

 

10. Conclusions 

Energy efficiency plays a central role in sustainable manufacturing by influencing resource utilization, 

production costs, environmental performance, and climate-change mitigation. This study examined 

energy efficiency in biocomposite manufacturing from a life-cycle perspective, highlighting the roles of 

raw material production, manufacturing processes, transportation, end-of-life management, and 

sustainability assessment. Particular attention was given to the relationships among energy consumption, 

carbon footprint, resource efficiency, circularity, and SDGs 7, 9, 12, and 13. 

The review showed that biocomposites offer significant opportunities for sustainable industrial 

development through the use of renewable feedstocks, natural fibers, bio-based polymers, and waste-

derived materials. However, their environmental benefits depend not only on material composition but 

also on the efficiency of manufacturing processes and supply chains. Consequently, strategies such as 

process optimization, additive manufacturing, recycling, and circular economy practices are essential 

for maximizing the sustainability potential of biocomposite systems. 

To support this objective, a quantitative and SDG-oriented integrated framework was proposed that 

combines manufacturing performance indicators, digital technologies, life-cycle assessment, and 

circular economy principles within a unified sustainability architecture. The framework provides a 

practical basis for evaluating and optimizing sustainable biocomposite manufacturing systems and 

supports the transition toward more intelligent, resource-efficient, and low-carbon industrial production. 
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Abstract 

Ceramic-metal composite armors represent one of the most established families of lightweight ballistic 

protection systems because they combine the high hardness and compressive strength of ceramics with the 

ductility, structural continuity and fragment-retention capacity of metallic constituents. In a typical design, 

the ceramic strike face blunts, erodes, fractures or deflects the projectile, whereas the metallic backing 

supports the ceramic, absorbs residual kinetic energy through plastic deformation and maintains the integrity 

of the protection package. The ballistic performance of such systems is governed not only by the intrinsic 

properties of the ceramic and metal, but also by the architecture of the armor, the ceramic-metal interface, 

the confinement condition, the impact location, the threat type and the damage tolerance required for multi-

hit service. This chapter reviews the principles of ceramic-metal composite armors with emphasis on 

ballistic science, constituent materials, energy absorption mechanisms, projectile deflection, fracture and 

fragmentation, wave propagation, multi-hit resistance, structural architectures and emerging concepts such 

as reconfigurable or self-healing armor systems. Particular attention is given to geometric armor concepts, 

including spherical, prismatic, tile-based and cellular designs, because these approaches can alter local 

impact mechanics beyond conventional flat ceramic strike-face behavior. 

Keywords: Ceramic armor; Metal-ceramic composite; Ballistic impact; Projectile deflection; Fracture; 

Multi-hit resistance; Lightweight armor 

 

1. Introduction 

The historical evolution of armor technologies has been driven by a continuous competition between 

projectile lethality and protective efficiency. Early armor systems relied primarily on monolithic metallic 

plates, in which ballistic resistance was obtained by increasing thickness, hardness and mass. This design 

philosophy remains relevant for some structural and vehicle armor applications; however, modern ballistic 

                                                      
1 https://orcid.org/0000-0002-0974-1759 



26 

 

threats have imposed severe constraints on mass, mobility, payload capacity and survivability. The 

contemporary design problem is therefore not merely to stop a projectile, but to do so with a minimum areal 

density while controlling behind-armor effects, structural damage, fragment dispersion and multi-hit 

degradation (Hazell, 2022; Crouch, 2017). 

Composite armor systems emerged from the need to decouple the functions of projectile defeat and residual 

energy absorption. Instead of assigning all protective functions to a single material, a composite armor 

distributes the impact event among constituents with different mechanical roles. A hard strike face breaks 

or erodes the projectile, a ductile backing dissipates energy and prevents catastrophic separation, and 

interlayers or adhesives regulate stress-wave transmission and damage spreading. Ceramic-metal armors are 

among the most important examples of this design philosophy. Their engineering value arises from the 

coupling of a brittle but hard ceramic component with a ductile metallic component, producing a response 

that is not attainable by either constituent alone (Crouch et al., 2017; Aguilar-Elguezabal et al. 2026; Dresch 

et al., 2021). 

The importance of ceramic-metal composite armor is particularly evident in vehicle protection. Vehicle 

armor must resist high-velocity kinetic threats, fragments and, in some cases, repeated or spatially 

distributed impacts while preserving mobility. The high hardness and relatively low density of alumina, 

silicon carbide and boron carbide make them attractive for reducing projectile penetration capacity; 

nevertheless, their brittleness and tendency toward local fragmentation require backing, confinement and 

architectural optimization (Medvedovski, 2010a; Medvedovski, 2010b; Dresch et al., 2021). For this reason, 

the protective performance of ceramic-metal armor is strongly dependent on system-level design rather than 

ceramic selection alone. 

Recent studies have also shown that geometric configuration is an active design variable in ceramic-based 

armors. Curved ceramics, ceramic spheres, ceramic tiles, prismatic cores and modular particle systems can 

change the local incidence angle, redistribute stress waves, confine fracture and modify the trajectory of the 

projectile. In previous finite element work on alumina-sphere armor, Aktaş and Çevik (2022) showed that 

increasing sphere diameter from 12.7 mm to 20 mm and changing the layout from hexagonal to 

checkerboard arrangement could substantially reduce projectile exit velocity under the modeled conditions. 

Their subsequent study on checkerboard-formation ceramic spheres further demonstrated that the local 

impact position has a major influence on residual velocity and kinetic-energy loss, with central sphere 

impact producing the strongest reduction and interstitial void impact producing the least favorable response 

(Aktaş & Çevik, 2025a). In a related prismatic-spherical ceramic armor concept, triangular prismatic 

alumina ceramics and freely positioned alumina spheres were integrated inside an aluminum casing to 

promote projectile deflection and limited gravity-assisted gap filling after impact (Aktaş & Çevik, 2025b). 

These studies illustrate why modern ceramic-metal armor design must consider geometry, impact 

localization and post-impact damage state together. 

The objective of this study is to review ceramic-metal composite armors from a principles-and-mechanisms 

perspective. The discussion begins with the fundamentals of ballistic science and then examines composite 

armor architecture, material selection, protective mechanisms, structural designs, advanced concepts and 

unresolved research limitations. The emphasis is on engineering interpretation rather than detailed 

experimental protocol, so that the study can function as a general reference for the design and evaluation of 

ceramic-metal composite armor systems. 

 

2. Fundamentals of Ballistic Science 

2.1. Internal, External and Terminal Ballistics in Armor Design 

Ballistics is commonly divided into internal, external and terminal ballistics. Internal ballistics concerns the 

processes that accelerate the projectile inside the weapon system, including pressure generation, barrel 

interaction and muzzle velocity. External ballistics describes projectile motion after leaving the muzzle and 
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before target interaction, including aerodynamic drag, yaw, stability and trajectory. Terminal ballistics 

addresses the interaction between the projectile and the target. Armor engineering is primarily a terminal-

ballistics discipline, but internal and external ballistic parameters determine the initial conditions imposed 

on the target: projectile mass, velocity, nose shape, spin, yaw, impact angle and material state at impact. 

For ceramic-metal armor, projectile velocity and nose shape are critical because they determine strain-rate 

level, contact pressure and the sequence of damage mechanisms. A blunt projectile, an ogival projectile and 

an armor-piercing projectile do not produce identical ceramic fracture patterns. Similarly, a normal impact 

and an oblique impact may lead to different combinations of penetration, ricochet, ceramic cracking, 

projectile erosion and backing deformation. Therefore, ballistic resistance cannot be represented by a single 

material parameter. It is a system response to a specific projectile-target interaction. 

2.2. Ballistic Impact, Energy Transfer and Backface Deformation 

The initial kinetic energy of a projectile is proportional to its mass and the square of its velocity. During 

impact, this energy is redistributed into projectile deformation and erosion, ceramic fracture and 

comminution, heat, sound, kinetic energy of fragments, plastic deformation of the backing and residual 

projectile motion. In ceramic-faced systems, the first milliseconds or microseconds of contact are dominated 

by high compressive stresses near the strike face. These stresses can exceed the local strength of both 

projectile and ceramic, leading to projectile blunting or erosion and to the formation of a damaged ceramic 

zone under the impact point (Medvedovski, 2010a; Medvedovski, 2010b; Dresch et al., 2021). 

Backface deformation is a central performance criterion, especially for personal and vehicle armor systems 

located close to protected structures or occupants. Even when full perforation is prevented, the remaining 

impulse can produce significant rear-surface bulging, localized indentation or transmitted blunt trauma. The 

effect of impact geometry on ballistic trauma has been experimentally investigated in multilayered ceramic 

armor systems, where the shape and incidence of impact affected trauma absorption (Braga et al., 2018). 

This highlights a key principle of armor design: stopping the projectile is necessary but not sufficient; the 

armor must also regulate the spatial and temporal distribution of momentum transmitted to the protected 

side. 

 

3. Ceramic-Metal Composite Armor Systems 

3.1. General Structure: Ceramic Strike Face, Metallic Backing and Interface 

A ceramic-metal composite armor generally consists of a ceramic strike face bonded, confined or 

mechanically supported by a metallic backing. The ceramic layer is positioned toward the threat side 

because its function is to reduce projectile penetration capacity at the earliest stage of impact. The metallic 

backing is placed behind the ceramic to support it under compressive loading, absorb residual energy, reduce 

tensile back-face failure and retain fragments. In practical armor packages, polymeric adhesives, elastomeric 

layers, fiber wraps, spall liners or environmental covers may also be included to improve durability and 

control fragmentation (Akella, 2020). 

The ceramic phase can be treated as a reinforcement or as a functional strike-face phase, whereas the metal 

behaves as a matrix, support plate, casing or backing depending on the architecture. The interface between 

ceramic and metal is a critical region because it governs load transfer, confinement, stress-wave reflection 

and delamination. A perfectly rigid bond may transmit high stresses efficiently, whereas a compliant 

interlayer may delay or redistribute stress waves. Experimental and numerical work on ceramic/composite 

armors has shown that interlayer material can strongly affect stress transmission, ceramic damage spread 

and the load transferred to the backing (Tasdemirci et al., 2012). 
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3.2. Classification of Ceramic-Metal and Hybrid Armor Systems 

Ceramic-metal armor systems can be classified according to architecture, constituent material and threat 

level. The most common configuration is a ceramic-front/metal-back bilayer. More complex systems 

include ceramic-metal-polymer hybrid plates, ceramic tiles bonded to metallic substrates, metal-confined 

ceramic inserts, free-particle ceramic armor, sandwich panels with ceramic or metallic cores, and ceramic-

metal structures combined with fiber-reinforced backings. A practical classification is given in Table 1. 

 

Table 1. Representative classification of ceramic-metal and hybrid composite armor systems 

Armor class Typical constituents Primary function Design concern 

Ceramic-front 

metallic backing 
Alumina, SiC or B4C with 

steel, aluminum or titanium 

backing 

Projectile erosion/blunting 

followed by backing 

plasticity 

Interface failure and 

backface deformation 

Ceramic tile armor Discrete ceramic tiles on 

metallic or composite 

support 

Damage localization and 

replaceability 
Tile gaps and edge 

impacts 

Particle or sphere-

reinforced armor 
Ceramic spheres or 

particles supported by 

metal/casing 

Deflection, distributed 

fracture and modularity 
Interstitial voids and 

packing density 

Hybrid ceramic-

metal-polymer armor 
Ceramic strike face, metal 

support and fiber/polymer 

backing 

Combined hard defeat and 

tensile energy absorption 
Manufacturing 

complexity and 

environmental durability 

Geometric/cellular 

armor 
Prismatic, corrugated, 

lattice or cellular 

ceramic/metal features 

Path deviation, 

confinement and controlled 

collapse 

Repeatability, modeling 

accuracy and cost 

 

3.3. Reinforcement and Core Architectures in Armor Design 

In conventional composite materials, reinforcement architecture is often described in terms of fibers, 

particles, laminates and cellular cores. The same terminology can be adapted to armor, but the interpretation 

must remain ballistic. Fiber-reinforced structures, such as aramid or UHMWPE laminates, are efficient in 

tensile membrane stretching and fragment capture. Particle-reinforced and sphere-based systems introduce 

many local contact and fracture sites, potentially improving damage localization. Layered and sandwich 

structures use separation of functions: a hard front surface for projectile defeat and a tougher rear region for 

energy absorption. Cellular and geometric structures introduce controlled deformation, spatial impedance 

variation or trajectory modification. 

The architectural approach is particularly relevant for ceramic-metal systems because ceramics fail in a 

brittle and statistically variable manner. A monolithic ceramic plate may offer high initial resistance, but 

once fractured, its residual capacity near the damaged zone decreases. Modular ceramic arrangements can 

limit the extent of damage and may preserve unaffected regions for subsequent impacts. However, 

modularity also introduces gaps, edge effects and local vulnerability. Aktaş and Çevik’s impact-location 

analysis of checkerboard ceramic sphere armor is a clear example: the interstitial void case exhibited a much 

higher residual velocity than the central sphere impact case, demonstrating that the spatial arrangement of 

ceramics can create both resistance-enhancing and vulnerability-enhancing regions (Aktaş & Çevik, 2025a). 
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4. Materials Used in Ceramic-Metal Composite Armors 

4.1. Metallic Materials: Armor Steels, Aluminum Alloys and Titanium Alloys 

Metallic constituents in ceramic-metal armor provide structural support, energy absorption and fragment 

containment. Armor steels are widely used because of their high strength, hardness, availability and 

relatively low cost. High-hardness steels can resist penetration directly and can also serve as backing plates 

for ceramic strike faces. Their main disadvantage is density, which increases areal mass. Aluminum alloys 

are attractive where weight reduction and manufacturability are important. Their lower density allows 

thicker structural sections for a given mass, but their lower hardness and strength compared with armor steel 

usually require careful integration with ceramics or other reinforcements. Titanium alloys offer high specific 

strength and corrosion resistance, but cost and processing constraints limit their broad use in many armor 

systems (Hazell, 2022; Crouch, 2017; Crouch et al., 2017). 

The backing metal must be selected by considering its dynamic plasticity, failure strain, strain-rate 

sensitivity, thermal softening and ability to remain intact after ceramic fragmentation. Metallic backings are 

often modeled with constitutive laws such as Johnson-Cook plasticity and failure because ballistic impact 

involves large strains, high strain rates and localized heating. Johnson and Cook’s fracture model remains 

one of the widely cited formulations for describing failure of metals under combined effects of strain, strain 

rate, temperature and pressure (Johnson & Cook, 1985). In practical design, however, model calibration is 

as important as model selection; inaccurate failure parameters can lead to misleading predictions of 

perforation, plug formation or rear-face tearing. 

4.2. Ceramic Materials: Alumina, Silicon Carbide, Boron Carbide and Zirconia-Based 

Ceramics 

Ceramics used in armor are selected for high hardness, high compressive strength, high elastic modulus, 

thermal stability and relatively low density. Alumina is one of the most widely used armor ceramics because 

it offers a favorable balance of cost, manufacturability and performance. Silicon carbide provides higher 

hardness and lower density than alumina, which often improves mass efficiency. Boron carbide is even 

lighter and harder, making it attractive for weight-critical armor, although its ballistic performance can be 

affected by pressure-induced damage mechanisms, processing route, microstructure and threat condition. 

Zirconia and zirconia-toughened ceramics can offer improved fracture toughness, but their higher density 

can reduce their mass-efficiency advantage for some applications (Medvedovski, 2010a; Medvedovski, 

2010b; Dresch et al., 2021). 

The ballistic effectiveness of a ceramic cannot be inferred only from hardness. Fracture toughness, elastic 

modulus, acoustic impedance, compressive strength, microstructural defects, grain size and confinement 

condition all influence performance. Fejdyś et al. (2021) found that the ballistic behavior of hybrid ceramic-

UHMWPE armor did not correlate simply with individual properties such as hardness, Young’s modulus or 

brittle fracture behavior; acoustic impedance compatibility and fracture toughness were also important, 

particularly for multi-hit response. This supports the system-level view that ceramic armor design must 

consider the interaction among ceramic, backing, interface and threat rather than ranking materials solely 

by nominal hardness. 

4.3. Polymeric Interlayers, Adhesives and Fiber Backings 

Although this study focuses on ceramic-metal systems, polymeric and fiber materials frequently appear in 

ceramic-metal hybrid armor. Adhesives provide bonding, but they also influence stress-wave reflection, 

delamination and damage-spreading behavior. Elastomeric or polymeric layers may reduce peak stresses 

transmitted to the backing or change the fracture pattern of the ceramic. Fiber-based backings such as 

aramid, glass fiber and UHMWPE laminates are efficient in tensile deformation, delamination and fragment 

capture. In ceramic/UHMWPE armors, residual strength after ballistic impact has been studied to assess the 

structural capacity remaining after one or more projectile strikes (Chen et al., 2022). Polyurea reinforcement 
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has also been investigated as a means of improving ceramic/metal armor performance by modifying 

fragmentation and interface response (Si et al., 2022). 

A ceramic plate covered with a composite wrap can exhibit a different fracture development from an 

uncovered ceramic plate. Rahbek et al. (2017) showed experimentally and numerically that composite 

covering affects ballistic fracture damage development in ceramic plates. This finding is relevant to ceramic-

metal armor because the cover or wrap may not be a primary load-carrying layer in static design, but it can 

play a significant role in dynamic confinement, fragment retention and crack evolution. 

4.4. Material Selection Criteria for Ballistic Protection 

Material selection for ceramic-metal armor requires simultaneous evaluation of protection level, areal 

density, cost, manufacturability, environmental durability, multi-hit requirement and structural integration. 

A simplified summary is presented in Table 2. The optimum design is rarely the one with the highest value 

of a single property. For example, a very hard ceramic may perform poorly if it is insufficiently supported, 

while a ductile backing may absorb energy efficiently but fail to reduce projectile penetration if the ceramic 

strike face is too thin or poorly confined. 

 

Table 2. Engineering criteria for material selection in ceramic-metal composite armor design 

Selection criterion Ceramic-related consideration Metal/interface-related consideration 

Areal density Low density and high mass efficiency Backing thickness optimized for 

support and plastic work 

Projectile defeat Hardness, compressive strength and 

fracture mode 

Confinement and prevention of 

premature ceramic separation 

Damage tolerance Fracture toughness and modular 

architecture 

Ductility, strain-rate response and 

fragment retention 

Multi-hit 

performance 

Localized damage and tile/particle 

replacement capacity 

Stable support after first impact 

Manufacturability Sintering quality, machining tolerance 

and cost 

Joining, welding, forming and adhesive 

control 

Durability Moisture, temperature and aging 

effects on auxiliary layers 

Corrosion resistance and interface 

aging 

 

5. Protective Mechanisms in Ceramic-Metal Armors 

5.1. Projectile Erosion, Blunting and Ceramic Dwell 

One of the primary functions of the ceramic strike face is to impose very high contact stress on the projectile. 

When an armor-piercing projectile contacts a hard ceramic, the projectile nose may blunt, mushroom, 

fracture or erode. This reduces its penetration efficiency before it reaches the backing. Under certain high-

velocity conditions, a ceramic may temporarily resist penetration while the projectile material flows or 

erodes at the interface; this phenomenon is often discussed in connection with dwell behavior. The duration 

and effectiveness of dwell depend on ceramic strength, confinement, projectile material, impact velocity 

and interface support (Holmquist & Johnson, 2002; Holmquist & Johnson, 2005). 

The high-velocity response of ceramics is frequently represented in numerical simulations using the 

Johnson-Holmquist family of ceramic constitutive models. Holmquist and Johnson characterized silicon 

carbide under high-velocity impact and demonstrated the importance of pressure-dependent strength, 
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damage and equation-of-state response for capturing ceramic behavior (Holmquist & Johnson, 2002, 2005). 

Similar constitutive approaches have been developed for other ceramics, including aluminum nitride 

(Holmquist et al., 2001). In ceramic-metal armor simulations, such models allow researchers to represent 

the transition from intact ceramic strength to damaged ceramic resistance, although predictive accuracy 

depends on calibration against appropriate experiments. 

5.2. Ceramic Fracture, Comminution and Fragment Momentum 

Ceramic fracture is not merely a failure process; it is also an energy absorption mechanism. Crack initiation, 

crack branching, pulverization and comminution consume energy and redistribute momentum away from 

the projectile axis. At the same time, excessive fragmentation can reduce residual protection because the 

damaged ceramic zone may no longer sustain compressive load effectively. The challenge is therefore to 

promote beneficial fracture and projectile erosion while preventing catastrophic loss of structural integrity. 

Medvedovski emphasized that ceramic armor performance is strongly influenced by design and structure, 

including fragmentation control and support condition (Medvedovski, 2010a; Medvedovski, 2010b). 

Fragment momentum must also be managed. After impact, ceramic fragments can be accelerated toward 

the backing and may damage adhesive layers or rear structures. A ductile metal casing or backing can retain 

these fragments and convert their kinetic energy into plastic work. In the prismatic-spherical alumina armor 

system reported by Aktaş and Çevik (2025b), the aluminum casing was used not only as an exterior cover 

but also as a structural containment component for fragmented ceramics. This illustrates the dual mechanical 

role of metal in such systems: it supports the ceramic before fracture and controls the consequences of 

fracture after impact. 

5.3. Metallic Backing Plasticity, Membrane Stretching and Spall Control 

Once the projectile and ceramic debris reach the backing, the metal dissipates energy mainly through plastic 

deformation, bending, membrane stretching, local indentation and possible plug formation. The 

effectiveness of this stage depends on ductility and dynamic strength. A backing that is too brittle may crack 

or spall; a backing that is too compliant may produce excessive backface deformation. Therefore, the 

backing is not simply a passive support plate. It is an active energy absorber whose response must be 

matched to the ceramic strike face. 

In vehicle armor, the backing also contributes to structural continuity. Unlike body armor inserts, vehicle 

armor panels may act as add-on modules, hull components or protective casings. The backing must therefore 

satisfy both ballistic and structural requirements. This is one reason why ceramic-metal armor development 

often involves trade-offs among protection, mass, stiffness, manufacturability and repairability. 

5.4. Interface Behavior, Delamination and Wave Propagation 

Impact generates compressive waves that travel through the ceramic and reflect at material interfaces. When 

a compressive wave reaches a free surface or a lower-impedance layer, reflected tensile waves can promote 

ceramic cracking. The interface between ceramic and backing therefore governs not only mechanical 

attachment but also stress-wave management. Thin, stiff adhesive layers may maintain strong load transfer 

but can concentrate tensile reflections. More compliant interlayers can spread damage but may reduce 

ceramic support or allow greater local motion. Tasdemirci et al. (2012) demonstrated that interlayer 

materials can alter ceramic damage zones and the stress transferred to backing layers in ceramic/composite 

armors. 

Delamination is especially important in hybrid armor packages containing metals, adhesives and fiber-

reinforced layers. Delamination may absorb energy but can also reduce load transfer and cause loss of 

structural integrity. In ceramic-metal systems, debonding may allow ceramic fragments to move 

independently, which can either reduce or enhance residual protection depending on architecture. For this 

reason, interface behavior must be considered together with the intended damage mechanism. 
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5.5. Projectile Deflection and Geometric Effects 

Projectile deflection is a distinct protective mechanism in which the projectile trajectory is redirected rather 

than only slowed. Geometry can promote deflection by altering the local surface normal at impact, imposing 

asymmetric contact forces or guiding the projectile into neighboring hard features. Curved ceramic surfaces 

and spherical elements are particularly relevant because the probability of oblique local contact is increased. 

Shao et al. (2019) experimentally and numerically investigated projectile impact against ultra-high-strength 

concrete protected with ceramic balls and showed that ceramic spheres could improve penetration resistance 

and influence trajectory behavior. Liu et al. (2019) numerically analyzed ceramic-ball-protected ultra-high-

performance concrete and further demonstrated the role of ceramic spheres in reducing projectile velocity 

and altering impact response.  

The diameter and packing pattern of spherical ceramics determine the size of the local contact region and 

the distribution of voids. In the Aktaş and Çevik (2022) diameter-pattern study, a finite element model based 

on a ceramic-ball armor reference configuration was verified and then extended to compare sphere diameter 

and pattern. The 20 mm checkerboard case produced the lowest modeled exit velocity among the examined 

cases, whereas smaller-diameter or less favorable layouts allowed higher residual velocities. This result is 

not a universal design rule; rather, it shows that geometric parameters can be as influential as material 

parameters within a given armor concept. 

Impact location is equally important. If a projectile strikes the center of a ceramic element, the hard phase 

is fully engaged. If it strikes an edge or a void, the projectile may partially bypass the ceramic or interact 

with several elements asymmetrically. Aktaş and Çevik’s (2025a) checkerboard-formation impact-location 

study showed that residual velocity varied from 277.7 m/s for central sphere impact to 1075.7 m/s for an 

interstitial void impact under the simulated conditions. The associated kinetic-energy loss decreased from 

98.5% to 77.74%. These values clearly indicate that spatial stochasticity is a core design problem for 

modular ceramic armor. 

5.6. Multi-Hit Resistance and Damage Localization 

Multi-hit resistance is one of the most difficult requirements for ceramic armor because the first impact 

usually damages the ceramic locally. Monolithic ceramic plates may lose effectiveness over a relatively 

broad damaged region, whereas tile-based or particle-based structures can confine damage to a smaller zone. 

However, modularity must be balanced against gap vulnerability. The ideal architecture limits crack 

propagation, prevents fragment loss and preserves adjacent undamaged elements for subsequent impacts. 

Free or semi-free ceramic particle systems represent one approach to multi-hit performance. Aydin and 

Soydemir (2021) experimentally investigated a free ceramic particle armor system and showed that ceramic 

particles within an aluminum structure can contribute to ballistic protection and post-impact reorganization. 

Aktaş and Çevik (2025b) extended a related idea by combining fixed triangular prismatic ceramics with 

freely positioned spherical alumina elements in an aluminum casing, creating a system intended to produce 

projectile deflection and limited gravity-assisted filling of damaged regions. Such concepts should not be 

interpreted as full autonomous material self-healing in the chemical sense; rather, they are structural 

reconfiguration mechanisms that attempt to restore local geometric coverage after impact. 

 

6. Structural Designs of Modern Ceramic-Metal Composite Armors 

6.1. Monolithic Ceramic-Faced Metallic Panels 

The simplest ceramic-metal armor architecture is a continuous ceramic strike face on a metallic backing. 

This configuration offers efficient load transfer and relatively straightforward manufacturing. Its primary 

weakness is the extensive damage that may occur around the first impact, particularly if the ceramic plate 

is large and insufficiently segmented. Monolithic panels are therefore suitable when single-hit performance 

is prioritized or when the ceramic layer can be adequately confined and supported. 
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Numerical simulation has been widely used to evaluate ceramic composite armor under ballistic impact. 

Krishnan et al. (2010) analyzed ceramic composite armor response numerically, contributing to the 

understanding of failure progression and residual velocity prediction in ceramic-backed systems. Such 

studies are essential because full experimental characterization across many thicknesses, materials, impact 

velocities and angles is expensive and time-consuming. Nevertheless, numerical predictions must be 

validated because brittle fracture and erosion are sensitive to mesh, contact, damage parameters and failure 

criteria. 

6.2. Layered, Sandwich and Tile-Based Armors 

Layered armor systems distribute functions across multiple plates or plies. A ceramic front layer provides 

hard defeat, a metal or composite backing absorbs residual energy, and additional layers may act as spall 

liners, covers or environmental barriers. Sandwich structures use separated faces and a lightweight core to 

improve bending stiffness and impact energy dissipation. Hybrid-cored sandwich plates have been studied 

experimentally and numerically for ballistic resistance, showing the value of core architecture and material 

distribution in impact response (Ni et al., 2013). Metallic corrugated cores have also been examined under 

impact loading, illustrating the potential of structural core geometry to absorb energy through controlled 

deformation (Wadley et al., 2013). 

Tile-based ceramic armors improve damage localization and facilitate replacement of damaged units. The 

main design challenge is the interface between tiles. Gaps, edges and corners are vulnerable because the 

projectile may interact with less ceramic mass than during central tile impact. This problem is analogous to 

the interstitial void issue in sphere-based armor. Consequently, tile geometry, overlap, backing stiffness and 

adhesive thickness must be optimized together. 

6.3. Spherical, Prismatic and Cellular Ceramic Core Concepts 

Spherical, prismatic and cellular ceramic cores are increasingly important because they allow armor 

designers to move beyond flat plate concepts. Spheres can promote oblique local contact and trajectory 

deviation. Prisms can introduce inclined surfaces, edge interactions and controlled paths for force transfer. 

Cellular or lattice-like arrangements can combine ceramic hardness with structural voids that reduce mass 

and influence wave propagation. 

The prismatic-spherical armor concept of Aktaş and Çevik is a representative example of geometry-driven 

armor design. In that system, alumina spheres of 20 mm diameter were positioned in vertical grooves 

between fixed triangular alumina prisms, all contained within a thin aluminum 5754-H111 casing. The 

design aimed to combine deflection by spherical and prismatic geometries with structural containment and 

limited gap filling after impact (Aktaş & Çevik, 2025b). Direct impact on a triangular prismatic ceramic 

element stopped the bullet core in the reported tests, while several perforating cases still exhibited significant 

projectile deflection. The study therefore demonstrates how geometry can be used to design for both 

resistance and trajectory management. 

Cellular and geometric armor concepts also have limitations. Manufacturing tolerances, ceramic quality, 

contact conditions and assembly repeatability become more complex as geometry becomes more elaborate. 

In addition, local voids may introduce vulnerable impact positions. For this reason, geometric armor should 

be assessed with probabilistic or spatially resolved impact scenarios rather than only central-hit 

idealizations. 

6.4. Metal-Confined and Repairable Armor Architectures 

Confinement improves ceramic performance by suppressing tensile fracture, limiting fragment dispersion 

and maintaining compressive support around the damaged region. Metal confinement can be provided by a 

backing plate, side walls, a casing or a pre-stressed frame. A metal casing can also improve repairability by 

retaining ceramic debris and allowing damaged modules to be replaced. However, confinement increases 

manufacturing complexity and can add mass if not carefully optimized. 
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Repairability and residual protection are increasingly relevant for vehicle armor. A system that survives one 

impact but loses broad-area protection may be unsuitable for operational environments with repeated threats. 

Modular ceramic-metal structures, replaceable tile panels and reconfigurable particle systems offer potential 

solutions, but their practical value depends on consistent performance after partial damage, environmental 

exposure and repeated vibration. 

 

7. Advanced Ceramic-Metal Armor Concepts 

7.1. Self-Healing and Reconfigurable Armor Systems 

The term self-healing must be used carefully in armor engineering. In polymer science it often refers to 

chemical or molecular repair mechanisms, whereas in ceramic-metal armor it more commonly describes 

structural reorganization or damage-tolerant reconfiguration. Free ceramic particles, movable spheres or 

modular inserts can partly restore geometric coverage after local damage. Aydin and Soydemir’s free 

ceramic particle system and Aktaş and Çevik’s prismatic-spherical alumina armor are examples of this 

structural approach (Aktaş & Çevik, 2025b; Aydın & Soydemir, 2021). 

A reconfigurable armor system can be valuable if it limits the formation of persistent gaps after impact. In 

the prismatic-spherical concept, unbonded spherical ceramics were intended to move under gravity and fill 

local spaces left by damaged ceramics (Aktaş & Çevik, 2025b). The principal limitation is orientation 

dependence: gravity-assisted reconfiguration may be less effective when the armor is mounted in non-

vertical orientations, subjected to high obliquity impacts or constrained by debris jamming. Future work in 

this area should distinguish between visually observed gap filling, measurable residual ballistic performance 

and true restoration of protection level. 

7.2. Functionally Graded and Biomimetic Concepts 

Functionally graded ceramic-metal armors attempt to reduce abrupt impedance mismatch by gradually 

varying composition, porosity or mechanical properties through the thickness. Such designs can reduce 

stress concentration and modify wave reflection, although manufacturing remains challenging. Biomimetic 

concepts use natural structural principles, such as nacre-like layering, tiled overlap or hierarchical 

toughening, to improve damage tolerance. The value of these concepts lies not in imitation alone, but in 

controlled crack deflection, energy dissipation over multiple scales and improved resistance to catastrophic 

failure. 

Recent numerical work on biomimetic ceramic composite armor has examined how structural response and 

impact dynamics depend on local geometry. Such studies reinforce a broader trend: ballistic protection is 

moving from material substitution toward architecture-driven performance, where topology, hierarchy and 

spatial variability are treated as primary design variables (Aktaş & Çevik, 2025a; Pan et al., 2023). 

7.3. Additive Manufacturing and Complex Geometry 

Additive manufacturing offers potential routes for producing complex metallic backings, graded interlayers, 

lattice supports and customized confinement frames. For ceramics, additive manufacturing is more 

challenging because armor-grade ceramics require high density, controlled microstructure and reliable 

mechanical properties after sintering. Nevertheless, additive methods may become useful for tooling, molds, 

metallic support structures and hybrid architectures where geometry is too complex for conventional 

machining. 

The greatest opportunity is not necessarily printing the ceramic strike face itself, but integrating complex 

metal structures around high-quality ceramic inserts. Lattice-supported backings, topology-optimized 

casings and graded support frames may improve energy absorption and reduce mass while preserving 

ceramic support. 
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7.4. Smart, Adaptive and Lightweight Vehicle Armor Technologies 

Smart or adaptive armor concepts include embedded sensing, damage monitoring, active response systems 

and modular replacement strategies. In ceramic-metal armor, sensing may be used to identify damaged 

zones, estimate residual protection or guide maintenance. Lightweight vehicle armor technologies 

increasingly require multifunctionality: ballistic protection, structural stiffness, corrosion resistance, 

thermal stability and maintainability. Advanced composite armor systems for military vehicles have recently 

been reported with emphasis on design methodology, ballistic testing and comparison of protection systems 

(Tsirogiannis et al., 2024). 

For vehicle applications, the main engineering question is not simply which ceramic is strongest, but which 

system provides the best protection-to-mass ratio under realistic impact distributions and service conditions. 

The answer depends on threat spectrum, allowable backface deformation, acceptable cost, repair strategy 

and integration with vehicle structure. 

 

8. Current Limitations and Research Directions 

8.1. Ceramic Brittleness and Scatter in Ballistic Response 

Ceramic brittleness remains the central limitation of ceramic-metal armor. Although brittle fracture absorbs 

energy, it also creates scatter in performance and reduces residual resistance. Microstructural defects, tile 

edges, surface flaws and support irregularities can produce significant variability in ballistic response. 

Therefore, armor-grade ceramics require strict quality control and fracture-aware design. Numerical models 

must also account for damage accumulation and post-failure resistance, not only elastic strength. 

8.2. Weight-Protection Trade-Off 

Every armor system is constrained by the weight-protection trade-off. Increasing ceramic thickness 

generally improves projectile defeat, but it also increases cost and may enlarge the fractured region. 

Increasing backing thickness improves residual energy absorption but increases areal density. The optimum 

solution often involves a balanced architecture rather than maximum thickness of one constituent. Mass 

efficiency must be evaluated together with multi-hit performance and structural integration. 

8.3. Manufacturing, Joining and Cost 

Manufacturing ceramic-metal armor requires control of ceramic sintering, tile machining, backing forming, 

bonding, curing, assembly tolerance and inspection. Joining is particularly difficult because ceramics and 

metals have different coefficients of thermal expansion, elastic moduli and fracture behaviors. Adhesive 

layers must provide durable bonding without creating unfavorable stress-wave reflections or premature 

delamination. Complex geometric armor concepts add further challenges because local contact, packing and 

alignment can strongly affect performance. 

8.4. Durability and Environmental Effects 

Armor systems are exposed to temperature cycles, humidity, vibration, corrosion, ultraviolet radiation and 

mechanical handling. These environmental factors can degrade adhesives, polymeric covers and fiber-

reinforced backing layers. Metallic casings may corrode if not properly protected, while ceramics may be 

affected by surface damage and mounting stresses. Long-term durability testing should therefore accompany 

ballistic testing, especially for vehicle-mounted armor expected to remain in service for extended periods. 

8.5. Emerging Research Trends 

The most important research trends in ceramic-metal armor include architecture optimization, validated 

numerical simulation, probabilistic impact-location analysis, hybrid ceramic-fiber-metal systems, multi-hit 

residual performance, modular repairable panels, reconfigurable particle systems and advanced 
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manufacturing of complex support structures. Future studies should report not only whether perforation 

occurs, but also residual velocity, projectile erosion, backface deformation, damage area, areal density, 

fragment distribution, impact location sensitivity and residual protection after prior impact. 

A critical methodological need is realistic validation. High-fidelity simulations using Johnson-Holmquist 

ceramic models and Johnson-Cook metal models can be powerful, but they must be calibrated and validated 

against experiments that capture the relevant failure mechanisms. Mesh dependence, erosion criteria, 

contact algorithms and material-rate parameters can change predicted residual velocity and damage extent. 

Transparent reporting of these numerical assumptions is essential for comparing armor concepts across 

studies. 

9. Conclusion 

Ceramic-metal composite armors remain a central technology for lightweight ballistic protection because 

they combine the projectile-defeating capability of hard ceramics with the ductility, support and fragment-

retention capacity of metals. Their performance is governed by coupled mechanisms: projectile erosion and 

blunting, ceramic fracture and comminution, stress-wave propagation, interface behavior, backing 

plasticity, delamination, fragment containment and, in some designs, projectile deflection. No single 

material property is sufficient to define ballistic performance; protection emerges from the interaction 

among material, geometry, interface and threat. 

Modern ceramic-metal armor design is increasingly architecture-driven. Tile segmentation, spherical 

ceramic arrangements, prismatic cores, cellular structures, sandwich panels and modular particle systems 

can localize damage, alter projectile trajectories and improve mass efficiency. However, geometry also 

introduces vulnerability through gaps, edges and impact-location sensitivity. Therefore, advanced armor 

concepts must be evaluated using spatially resolved impact scenarios and multi-hit criteria, not only ideal 

central impacts. 

The literature indicates that future improvements will arise from hybridization, validated computational 

design, material-interface optimization and multifunctional structural concepts. Reconfigurable or self-

healing armor systems are promising when interpreted as structural damage management rather than 

complete material regeneration. For practical vehicle protection, the next generation of ceramic-metal 

composite armors must deliver not only high ballistic resistance, but also low areal density, controlled 

backface response, repeatable manufacturing, environmental durability, inspectability and residual 

protection after damage. 
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Abstract 

Clubfoot (pes equinovarus) is a congenital deformity characterized by an inward and downward 

positioning of the foot and requires early treatment. By preventing the equinus, varus, and forefoot 

adduction, orthotics help to keep the foot in the proper alignment. However, these orthotics need to be 

frequently remanufactured, especially in infants, due to their rapid foot development. Traditional 

orthotics, relying on plaster casts and manual processes, are time-consuming and costly. Custom-

designed orthotics provide more stable support by fitting perfectly to the patient's foot. Nowadays, 3D 

scanning and 3D printing technologies have become important in the development of personalized 

medical products for therapeutic purposes. This chapter aims to redesign and print an orthosis used to 

correct congenital clubfoot in infants using 3D scanning and reverse engineering methods. In this 

chapter, the geometry of the original orthosis was obtained using a calibrated 3D scanner and Flexscan 

software. The resulting scan images were edited in mesh format, and irregularities, open areas, and 

noises on the surface were corrected with appropriate enhancement and smoothing processes in 

Geomagic Studio. The orthosis's original geometry had to be revised to fit the patient's updated 

measurements in the subsequent phase. To maintain anatomical proportions, axis-based (X-Y-Z) 

geometric correction was used. The accuracy of the model's current dimensions was re-measured, 

checked, and then exported in STL format for 3D printing. The results demonstrate that personalized 

medical devices can be successfully produced through the systematic application of 3D scanning, 

controlled scaling, and 3D printing steps. This method offers a significant advantage in terms of cost 

and time, especially in cases requiring repeated and continuous production. 

Keywords: 3D Scanning, 3D Printing, Reverse Engineering, Patient Specific Manufacturing 

 

1. Introduction 

One of the most severe congenital orthopedic abnormalities in infants is clubfoot syndrome. According 

to statistics, there are roughly 1-2 cases for every 1,000 live births, with low- and middle-income nations 

accounting for 80% of cases (Siapkara & Duncan, 2007). Hindfoot equinus, midfoot cavus, forefoot 
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adductus, and hindfoot varus are the four primary components of the deformity (Liu et al., 2014). It is 

known that the incidence is twice as high in males as in females, with around half of the cases being 

unilateral. 

The Ponseti procedure is the most widely used non-surgical (conservative) technique for treating 

clubfoot (pes equinovarus). With this approach, lengthy leg casts are used after weekly corrective foot 

manipulations. To support the correction of the deformity, a percutaneous tenotomy of the Achilles 

tendon is carried out if required. A foot abduction brace is employed to guarantee long-term protection 

and ongoing correction throughout treatment (Ponseti et al., 2006; Radler, 2013). Another conventional 

conservative way for treating clubfoot is the Kite method. Additionally, this approach combines casting, 

manipulation, and long-term orthotic use. 

A labor-intensive technique based on plaster molding, hand shaping, and the use of thermoplastic 

materials makes up the traditional orthosis production method. This procedure is difficult for the patient, 

may involve defects in production, is expensive when remanufacturing is necessary, and requires 

frequent replacements, particularly in newborns during periods of rapid growth. According to the 

research, traditional customized orthosis production requires several clinical visits and waiting periods 

of up to six weeks (Hale et al., 2020) Additionally, it has been shown that these procedures raise the 

incidence of repeated abnormalities and have a negative effect on patient compliance. 

Reverse engineering is a technique that enables the modification or customization of an existing physical 

object's geometry by moving it into a digital environment. In the field of orthotics and prosthetics, 

computerized processes based on 3D scanning are slowly taking the place of conventional plaster casting 

techniques. These processes include steps for data gathering (3D scanning), surface processing 

(CAD/reverse engineering software), and manufacture (3D printing) (Hale et al., 2020; Vivek & 

Ranganathan, 2019). 

The best options for precisely capturing human body anatomy among 3D scanning technologies are 

structural light scanners and photogrammetry (Silva et al., 2024). Photogrammetry has advantages in 

terms of affordability, portability, and applicability for therapeutic settings, whereas structural light-

based scanners deliver high-resolution point cloud and mesh data. On the other hand, because of their 

high precision, laser scanning systems are widely used in industrial applications.  

Following scanning, the raw data is processed for noise reduction, surface correction, hole sealing, and 

smoothing. Reverse engineering software like Geomagic Studio, Geomagic Wrap, Rhinoceros, 

Rapidform, and LeiosMesh are used for this. Because it depends on the operator's software skill, this 

step is the most important and time-consuming portion of the workflow (Silva et al., 2024) The model 

developed from CT data for cervical orthosis design was processed using a combination of Mimics, 3-

matic, and Geomagic Studio; it was demonstrated that topology optimization reduced the device weight.  

The body of research on the use of 3D printing technology in the manufacturing of orthoses is growing 

quickly. In this case, additive manufacturing technology has been used to create a customized clubfoot 

orthosis as an alternative to the Ponseti method's limitations. Despite its geometric complexity, it has 

been demonstrated that this device, which is made using the fused deposition modeling (FDM) approach, 

is practical (Vivek & Ranganathan, 2019). Similarly, a 3D clubfoot model constructed from computed 

tomography (CT) images has been used to construct and compare several conceptual orthosis designs. 

These designs feature spiral wound (Model II), mechanically adjustable (Model III), and deep heel cup 

(Model I) constructions. The mechanical orthosis showed a maximum displacement of 1.45 mm and a 

stress of 0.79 N/mm², according to finite element analysis (FEA) data (Vijayaragavan et al., 2017). 

Even while clubfoot treatment techniques and digital orthosis manufacturing technologies have 

advanced significantly, there are still a number of obstacles in clinical practice. Conventional orthosis 

production techniques are labor-intensive, time-consuming, and heavily reliant on practitioner skill. 

Furthermore, while additive manufacturing and 3D scanning technologies present viable substitutes, 

their incorporation into an organized and effective clinical workflow is yet not entirely standardized. 

Widespread adoption is still limited by data collecting variability, processing complexity, and a lack of 

effective design methodologies. Thus, a more effective, patient-specific, and repeatable digital 

methodology for orthosis design and fabrication is obviously needed. This chapter proposes a patient-

specific clubfoot orthosis design method based on 3D scanning and reverse engineering. The approach 
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includes digital processing and modeling using reverse engineering tools, manufacture utilizing additive 

manufacturing techniques, and the collection of anatomical data using 3D scanning. This study aims to 

assess the viability and efficacy of this digital strategy in terms of clinical applicability, production 

efficiency, and design accuracy. 

 

2. Materials and Methods 

2.1.  Data Collection 

An existing ankle-foot orthosis (AFO) from a baby with congenital clubfoot served as the reference 

model. Because the orthosis that is currently made needs to be replaced regularly due to the rapid 

development of the baby's skeletal and soft tissues over time, the orthosis must be changed regularly. 

Instead of patients repeatedly coming to the clinic to get 3D scans, a new orthosis design was created 

based on the patient's existing previous orthosis, meaning a completely new orthosis tailored to the 

patient was developed without performing a foot scan. The patient's current orthosis was reverse-

engineered and moved to a three-dimensional digital environment in order to solve this problem. The 

patient's existing anatomical measurements were then used to modify the final geometry. This method 

allowed for patient-specific updates to the current design without requiring the creation of new molds 

and modeling procedures.  

The HDI Advance structured light-based 3D scanner (LMI Technologies) was used to digitize the 

orthosis's three-dimensional geometry. The HDI Advance is a high-resolution scanning system that uses 

structured light technology and has two machine imaging cameras. The device can produce 2.6 million 

points (5.2 million polygons) each scan with dimensional accuracy of up to 45 µm. The scan takes 

around a second to complete, which is a big benefit, particularly when scanning small objects with 

complicated surfaces. Export to popular geometric file formats such as PLY, OBJ, STL, ASC, and FBX 

is supported by the system. 

The manufacturer's calibration panel was used to calibrate the HDI Advance equipment prior to starting 

the scanning process. Correcting camera lens distortion, confirming stereo camera geometry, and 

aligning the measurement scale with the real dimensions were all part of the calibration process. By 

projecting known phase-shifted patterns onto the object surface, structured light scanners use cameras 

to record surface geometry in a high-resolution point cloud format. This technique offers superior 

accuracy, particularly when scanning small objects with complex geometries (Salvi et al., 2010). Scans 

were carried out from several perspectives in order to thoroughly capture the surface characteristics of 

the orthosis (Figure 1).  

 

 

Figure 1. Positioning of the reference clubfoot orthosis on the scanning platform during the 3D 

scanning process. 

In addition, FlexScan3D software (Polyga) was used for data collection and preliminary scanning 

(Figure 2). Scanner calibration, data capture, scan alignment, merging, and raw scan cleaning are all 

provided in a single interface by FlexScan3D, a software program designed specifically for the HDI 
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Advance scanner. In addition to supporting output in PLY, OBJ, STL, and FBX formats, the program 

offers capabilities for hole filling and deviation analysis to enhance scan quality. The FlexScan3D 

software's automatic alignment and merging tools were used to integrate the resulting partial scans into 

a full 3D model. The scanned model was imported into Geomagic Studio in mesh format after 

overlapping regions were cleared to create a watertight surface. 

 

 

Figure 2. Initial mesh model of the reference orthosis generated in FlexScan3D after scan alignment 

and merging processes. 

 

Geomagic Studio (3D Systems) software was used to do advanced mesh processing of the scan data 

(Figure 3). All main 3D scanners are supported by Geomagic Studio, an industry standard reverse 

engineering software with extensive polygon mesh editing tools and point cloud alignment and merging 

capabilities. The program provides geometric scaling functions, noise reduction, curvature sensitive 

smoothing, hole filling, outlier removal, and automatic mesh repair (Mesh Doctor). The Mesh Doctor 

tool is used to identify and automatically fix mesh flaws such non-manifold edges, self-intersections, 

and sharp points. Using the Mesh Doctor tool, raw mesh data imported into Geomagic Studio is first put 

through a systematic quality check. Sharp points, self-intersections, non-manifold edges, high-slope 

edges, and small component and hole flaws are all automatically identified by Mesh Doctor. The 

software's one-touch automatic repair feature fixes the great majority of discovered flaws; interactive 

tools are used to manually fix the remaining complicated flaws. 

 

 

Figure 3. Processed mesh model of the reference clubfoot orthosis in Geomagic Studio after mesh 

repair, smoothing, and surface correction operations. 

A curvature-sensitive smoothing algorithm appropriate for the orthosis's complex surface profile was 

used during the noise reduction stage. This technique preserves anatomical details in regions with 

important surface curvature while efficiently reducing scanning noise in flat parts. Bridge and interactive 
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hole filling tools have been used to close open areas created by shadow regions during the scanning 

process. 

In accordance with normal anthropometric protocol, calipers were used to assess the patient's existing 

anatomy. The model was dimensionally updated while maintaining anatomical proportions using an 

axis-based (X-Y-Z) geometric scaling technique. The sagittal plane (proximal-distal, Y-axis), coronal 

plane (mediolateral, X-axis), and transverse plane (superior-inferior, Z-axis) were used as references 

while creating and transferring the coordinate system to the model. The transformation tools in 

Geomagic Studio were used to apply the computed scaling factors to the model. Given that newborns' 

growth rates in several anatomical directions are not identical, independent scaling along each axis is 

especially crucial (Cha et al., 2017). Measurements of length, width, and height were checked to target 

values; the model was exported in STL format once dimensional deviations were confirmed to be within 

allowable tolerance ranges. Because the triangular mesh representation is compatible with printing 

platforms and can be handled directly by FDM slicing software, the STL format was used. 

Digital sculpting, freeform surface modeling, and parametric CAD techniques are all merged into one 

professional three-dimensional design program called Geomagic Freeform. It performs exceptionally 

well in medical product design, especially when it comes to modeling complex organic shapes that 

precisely fit the human body and managing complex surface geometries that are beyond the capabilities 

of conventional CAD systems. This makes it possible to produce more durable, lighter, better fitting, 

and patient specific devices. It enables designers and engineers to build complicated forms that are 

difficult for typical CAD tools to handle by providing voxel based digital sculpting, subdivision surfaces 

(SubD), and NURBS geometry on a single, integrated platform. With these characteristics, Geomagic 

Freeform was assessed as an appropriate tool for this research in the digitization and modification of 

preexisting orthotic geometries. 

2.2.  Additive Manufacturing 

Ultimaker Cura software was used for the slicing procedure (Figure 4). The orthosis model was loaded 

into software after it had been scaled and exported in STL format. At this point, the printing direction, 

layer thickness, padding density, and support structure type parameters were modified. The load bearing 

surfaces of the orthosis were considered while choosing the printing orientation, with the goal being to 

place the layers perpendicular to the mechanical stress. To make sure the construction has enough 

rigidity for clinical application, the padding density was changed. The software separated the STL file 

into layers based on all of these characteristics, transformed it into a G-code file. During the production 

stage, the Ultimaker 2+ Extended FDM printer was utilised. Using Fused Filament Fabrication (FFF) 

technology, the printer is a professional-grade desktop 3D printer that is distinguished by its excellent 

dimensional precision and dependable print quality. The entire process is summarized step-by-step in 

Figure 5. 

 

 
Figure 4. Sliced orthosis model in the Ultimaker Cura with optimized printing orientation and support 

structures. 
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Figure 5. Step-by-step overview of the reverse engineering, parametric scaling, and 3D printing 

pipeline for patient-specific infant clubfoot orthosis renewal. 

 

The orthosis was made from a polylactic acid (PLA) filament with a diameter of 1.75 mm. PLA is a 

thermoplastic polymer. It is made from renewable biological resources like sugarcane or maize starch. 

Its widespread application in the production of medical devices is mostly due to its light weight, low 

shrinkage, good dimensional stability, and ease of processing in FDM printers (Nouri et al., 2023; Vivek 

& Ranganathan, 2019). PLA was found to have the highest compressive strength values in a study by 

(Savonen et al., 2020)that compared various filament materials for newborn clubfoot orthoses. 

The Ultimaker 2+ Extended printer received the G-code from the slicing program, and printing was 

started. Layer adhesion and dimensional consistency were tracked throughout the printing process. 50 

grams of PLA filament were used during the 6-hour printing time. The support structures were removed 

when printing was finished, and a sandpaper was used where surface roughness needed to be reduced. 

Calliper measurements were used to verify the orthosis's dimensional accuracy. 

 

3. Results and Discussion 

The pipeline for digital reverse engineering and additive manufacturing was successfully completed. 

50.0 grams of PLA filament (including support material) were used during the exact 6.0-hour FDM 

production process. The final orthosis had flawless heel shapes, seamless internal surface transitions, 

and clean layer adhesion. When combined with typical orthotic interface socks, the inside surfaces 

displayed a non-abrasive finish appropriate for direct soft-tissue contact. 

Throughout early childhood, corrective brace usage is necessary for the clinical care of congenital 

clubfoot. However, because strict orthoses frequently become outdated, pediatric growth rates place 

significant financial and logistical strain on families and healthcare professionals. Compared to 

traditional fabrication pipelines requiring manual plaster cast wrapping, curing, plaster positive 

rectification, and thermoforming which typically demands multiple clinical visits and days to weeks of 

laboratory turnaround the digital workflow presented here completes physical output within 6 hours 

from anthropometric input. 

Compared to discarded plaster molds and cut thermoplastic sheets, the suggested process significantly 

decreases raw material waste, using only 50 g of PLA per unit. Additionally, using recyclable, bio-based 

polymers is consistent with the sustainable healthcare production targets. While the dimensional 

accuracy and production efficiency are demonstrated, this study has limitations: 
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 Mechanical and Fatigue Testing: There was no experimental testing of dynamic FEA, cycle 

fatigue resistance, or long-term creep behavior under physiological newborn kicking loads. 

 Clinical Sample Size: Extensive multi-center clinical trials assessing skin pressure distribution 

and longitudinal correction rates across larger patient cohorts are required, as the framework 

was tested on a single reference patient model. 

 Material Diversity: Advanced medical-grade filaments like PETG, TPU (for flexible corrective 

hinges), and carbon-fiber-reinforced composites should be benchmarked in future studies. 

 

4. Conclusions 

This study demonstrates how custom orthotics for patients with congenital clubfoot syndrome can be 

made using additive manufacturing, reverse engineering, and 3D scanning. The existing reference 

orthosis was successfully digitised, mesh defects were corrected, axis-based rescaling based on patient 

measurements was performed, and it was constructed from PLA using the FDM technique. Therefore, 

the proposed digital process offers a quicker, more repeatable, and more cost-effective option than 

traditional manual manufacturing techniques. 

This approach is especially appropriate for orthoses that need to be replaced frequently in paediatric 

patients who are growing quickly because the creation process is quick, requires little materials, and 

allows for future modification of the digital model. In this way, the research could enhance patient 

comfort, shorten production times, and make it easier for patients to receive individualised care in 

clinical settings. 

From an engineering standpoint, the chapter offered a comprehensive design process that included the 

definition of the problem, a review of the literature, contemporary design techniques, an approach to 

analysis and modelling, the manufacturing process, practical limitations, and sustainability objectives. 

The application of theoretical and practical knowledge acquired in biomedical engineering education to 

a clinical problem was made possible by the use of 3D scanning, CAD-based reverse engineering, mesh 

processing, axis-based scaling, and FDM manufacturing processes. Realistic limitations including 

economic, environmental, health, safety, ethical, legal, and reproducibility were also taken into 

consideration when evaluating the study. In this regard, the chapter can be regarded as both a prototype 

production and a creative and workable engineering solution for creating medical equipment tailored to 

individual patients. 

It is recommended that future research employ FEA and mechanical strength tests, compare various 

filaments and manufacturing parameters, and do clinical validation with more patients. The clinical 

dependability of the approach will also be improved by quantitative assessment of factors like long-term 

use, patient happiness, surface comfort, and biomechanical performance. All things considered, this 

study offers a solid basis for the use of digital orthotic fabrication techniques in the management of 

pediatric clubfoot. 
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Abstract 

Fiber-reinforced polymer (FRP) composites present distinctive challenges for lifecycle management 

because their structural performance is strongly influenced by manufacturing variability, anisotropic 

behavior, hidden damage mechanisms, environmental exposure, and evolving service conditions. This 

review examines recent developments in digital twin technologies for FRP composite structures, with 

emphasis on manufacturing, advanced modeling, structural health monitoring, environmental 

degradation, and lifecycle integration. The reviewed literature shows that manufacturing-stage digital 

twins can reconstruct process conditions, detect anomalies, and incorporate as-built characteristics into 

virtual models. During operation, physics-based models, reduced-order methods, surrogate models, and 

machine-learning techniques enable rapid structural prediction, while in situ sensing supports load 

identification, damage detection, full-field response reconstruction, and fatigue assessment. Emerging 

approaches also incorporate moisture, temperature, hygrothermal aging, and material-property 

degradation into continuously updated virtual representations. Despite these advances, current 

applications remain largely fragmented across individual lifecycle stages. Major barriers include the 

computational cost of high-fidelity models, long-term sensor reliability, data interoperability, model 

credibility, uncertainty quantification, and limited generalization beyond validated operating conditions. 

The review identifies lifecycle integration as the central research need for next-generation composite 

digital twins. Future frameworks should combine physics-based and data-driven modeling, adaptive 

multi-fidelity computation, continuous sensing, environmental degradation models, uncertainty-aware 

updating, and traceable digital threads connecting as-designed, as-manufactured, as-monitored, and as-

maintained states. Such integration is essential for developing reliable digital twins capable of 

supporting predictive maintenance, remaining useful life assessment, and safety-critical engineering 

decisions. 

Keywords: Digital twin; Composite structures; Machine learning; Structural health monitoring; 

Surrogate modeling 
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1. Introduction 

Fiber-reinforced polymer (FRP) composites have emerged as indispensable structural materials in 

modern engineering sectors, particularly in aerospace, automotive, and renewable energy industries, 

owing to their exceptional strength-to-weight ratios, outstanding fatigue resistance, and tailored 

directional properties. Unlike conventional isotropic metallic materials, composite structures exhibit 

highly complex, anisotropic, and heterogeneous characteristics. Under operational environments, they 

are susceptible to various intricate damage modes—such as matrix cracking, fiber breakage, 

delamination, and skin-to-stringer debonding—which often initiate at microscopic levels and propagate 

imperceptibly until catastrophic structural failure occurs. Consequently, ensuring structural integrity and 

achieving reliable remaining useful life prediction for such complex composite structures remain 

significant challenges in both academic research and industrial practice (Guo et al., 2022). 

Traditional structural-integrity assessment approaches, such as non-destructive evaluation and structural 

health monitoring (SHM), have been widely implemented to mitigate these risks. However, 

conventional non-destructive evaluation methods typically operate in a post-mortem or periodic manner, 

lacking real-time, in situ predictive capabilities during operations (Ghosh et al., 2025). On the other 

hand, traditional SHM systems provide continuous sensor streams but often struggle to interpret 

complex multi-site damage states or predict structural responses under unseen future loading conditions. 

To overcome these limitations, the paradigm of Industry 4.0 has introduced the concept of the digital 

twin, which ushers in a transformative era for the lifecycle management of advanced composite 

structures (Milanoski et al., 2021). 

To establish a rigorous framework, a crucial distinction must be made between a true digital twin and 

related virtual modeling concepts. A digital twin is defined as an integrated, multi-physics, multiscale 

simulation of a physical asset that strictly requires continuous, bidirectional data synchronization 

between the physical structure and the virtual framework in real-time (Lai et al., 2023; Zuo et al., 2023). 

This bidirectional linkage clearly differentiates a true digital twin from a digital shadow, which features 

only one-way data flow from the physical object to the digital model without automated reverse 

communication. Furthermore, both concepts differ fundamentally from a surrogate model, which acts 

as an inexpensive-to-evaluate mathematical approximation of a compute-intensive simulation code, 

often operating entirely offline without automated real-time physical updates. In the context of 

composite structures, a robust digital twin framework requires a seamless confluence of three pillars: 

smart manufacturing/process tracking, real-time advanced modeling, and in situ SHM (Döbrich & 

Brauner, 2023; Fernández-León et al., 2024). 

During the manufacturing phase, a composite's final performance is strongly dictated by process-

induced imperfections, such as permeability variations, race-tracking channels in liquid molding, or 

fiber misalignment (Fernández-León et al., 2024). By establishing a bidirectional digital twin at this 

early stage, production anomalies can be detected on-the-fly and compensated for prior to assembly. 

Moving into the operational phase, the digital twin leverages physical sensor networks—such as fiber 

Bragg grating arrays and machine vision systems—to feed virtual computational models (Alhussein et 

al., 2025; Döbrich & Brauner, 2023). However, executing high-fidelity, nonlinear finite element (FE) 

methods or micro-to-macro mechanical transitions in real-time is computationally prohibitive. To bridge 

this gap, modern composite digital twin architectures heavily rely on artificial intelligence, machine 

learning, and reduced-order models to act as rapid surrogate platforms capable of instantaneous 

mechanical interaction and response prediction (Xu et al., 2023). Furthermore, since discrepancies 

inevitably exist between numerical models and actual physical structures, modern digital twin 

frameworks incorporate effective error correction strategies and multi-fidelity data fusion algorithms to 

maintain high fidelity and bound model uncertainties (Zuo et al., 2023). 

This study was conducted as a focused narrative review of digital twin applications in FRP composite 

structures. The literature search emphasized recent work published primarily between 2020 and 2026, 

while earlier studies were retained where they provided foundational concepts or influential digital twin 

frameworks. Relevant publications were identified through targeted searches of major multidisciplinary 

scholarly databases and publisher platforms using combinations of terms such as digital twin, composite 

structures, FRP, composite manufacturing, SHM, in situ sensing, surrogate modeling, reduced-order 
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modeling, machine learning, remaining useful life, environmental degradation, and lifecycle 

management. The review was intentionally selective rather than exhaustive and was designed to capture 

representative developments across manufacturing, computational modeling, operational monitoring, 

environmental degradation, and lifecycle integration. 

 

 

Figure 1. Conceptual architecture of a lifecycle digital twin for composite structures 

 

Figure 1 presents the conceptual architecture adopted to organize the literature reviewed in this chapter. 

The framework links manufacturing and as-built information with operational sensing, physics-based 
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and data-driven modeling, continuous state updating, predictive analytics, and decision support through 

a lifecycle digital thread. It therefore illustrates the progression from the as-designed and as-

manufactured states to the as-monitored and as-maintained states of a composite structure, while 

emphasizing continuous feedback between the physical asset and its evolving digital representation. 

Priority was given to studies in which digital twin concepts were explicitly linked to FRP or other 

structurally relevant composite systems and involved some form of physical–virtual interaction, data-

driven model updating, monitoring, prediction, or lifecycle decision support. Studies dealing only with 

conventional FE simulation, static digital models, generic Industry 4.0 architectures, or machine-

learning applications without a meaningful connection to digital twinning were generally excluded. 

Because relatively few studies currently address environmentally driven degradation within fully 

developed composite digital twins, a limited number of publications from adjacent fields—including 

environmental digital twins, building monitoring, aircraft degradation, and broader materials 

engineering—were included where they provided transferable concepts related to real-time 

environmental sensing, data interoperability, degradation modeling, or lifecycle updating. These studies 

were used to complement, rather than replace, the composite-specific literature and to identify 

methodological approaches that may support the development of more comprehensive lifecycle digital 

twins for composite structures. 

 

2. Digital Twins in Composite Manufacturing 

The physical performance and structural reliability of FRP composites are strongly influenced by their 

processing history. During fabrication, microscopic and macroscopic deviations from nominal process 

parameters inevitably introduce defects, such as local fiber misalignments, resin-rich zones, and micro-

voids (Ashebir et al., 2024; Korkmaz et al., 2022; Kulkarni et al., 2020; Özbek et al., 2020). To minimize 

scrap rates and guarantee part quality, the establishment of a digital twin framework during the 

manufacturing phase has emerged as a crucial solution. By establishing real-time feedback loops, virtual 

models can evaluate manufacturing anomalies as they occur, enabling smart control systems to 

compensate for these imperfections dynamically (Aniba et al., 2024). 

A primary application of manufacturing-stage digital twins is observed in liquid composite molding 

processes, particularly resin transfer molding. In this method, a dry textile preform is enclosed within a 

rigid mold and impregnated via polymer resin injection (Uzay & Geren, 2020; Karacor & Özcanlı, 

2022). However, a major manufacturing challenge in resin transfer molding is the occurrence of race-

tracking, an anomaly where the injected resin flows prematurely along the boundaries or edges of the 

preform due to poor nesting or cutting tolerances. Race-tracking alters the intended macroscopic flow 

front, resulting in unimpregnated dry spots and structural macro-defects. To counteract this 

phenomenon, Fernández-León et al. (2024) developed a robust digital twin framework driven by a deep-

learning encoder/decoder surrogate architecture. By utilizing data from a localized network of only five 

pressure sensors embedded within the mold, their virtual twin acts as an online disturbance detector. It 

can back-calculate and reconstruct the spatial distribution of the fabric permeability on-the-fly, allowing 

immediate interrogation of flow front anomalies during the industrial filling cycle. 

In parallel with thermal and pressure sensor telemetry, optical data acquisition systems are vital for 

mirroring physical geometries in virtual spaces. The digital twin must be informed about the precise 

topological states of dry architectures prior to or during consolidation. In this context, Döbrich and 

Brauner (2023) introduced an in situ machine vision system tailored for the digital twin modeling of 

composite structures. Their approach utilizes a specialized industrial camera setup to capture 2D surface 

features of the textile preform, which are then mapped onto a 3D FE mesh using geometric 

transformations. This vision-driven digital twin successfully extracts critical structural parameters—

such as local fiber orientation angles, shear angles, and surface wrinkling—directly from the production 

floor. By integrating machine vision into the twin loop, the virtual model shifts from an idealized CAD 

representation to an "as-built" simulation, ensuring that downstream mechanical analysis accounts for 

the true, defect-ridden geometry of the manufactured component. 
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3. Advanced Modeling, Surrogate Platforms, and Error Correction 

To establish a high-fidelity digital twin capable of real-time bidirectional interaction, the virtual 

framework must accurately represent the anisotropic and configuration-dependent mechanical behavior 

of composite structures. Unlike isotropic materials, the structural response of laminated composites is 

strongly influenced by constituent properties, stacking sequence, fiber orientation, geometric 

configuration, boundary conditions, and the development of interacting damage mechanisms. The 

influence of laminate architecture is particularly important because changes in fiber orientation can 

substantially alter structural dynamic characteristics. Çevik (2009), for example, demonstrated through 

FE analysis of angle-ply laminated composite arches that fiber orientation significantly affects both in-

plane and out-of-plane natural frequencies, with particularly pronounced effects on in-plane vibration. 

Such sensitivity highlights the need for digital twin models to retain information on lay-up and fiber 

orientation when representing the actual structural response of composite components. This requirement 

becomes even more important when manufacturing-derived information on local fiber orientation, 

wrinkling, or geometric deviations is incorporated into the as-built twin. While high-fidelity nonlinear 

FE models can provide detailed stress, deformation, and damage fields, their computational cost 

generally prevents direct execution within the rapid synchronization loops required for real-time digital 

twin applications. 

Consequently, an important research direction is the coupling of physically detailed computational 

models with reduced or data-driven representations capable of reproducing their essential behavior at 

substantially lower computational cost. A notable example is provided by Ghosh et al. (2025) for smart 

multifunctional composite structures. Focusing on piezoelectric composite laminates used for self-

sensing applications, they developed a two-step computational platform incorporating Artificial Neural 

Networks (ANNs) and a Parametrically Upscaled Coupled Constitutive Damage Mechanics model. 

Rather than relying solely on idealized macroscopic constitutive assumptions, the framework 

incorporates Represented Aggregated Microstructural Parameters describing local microstructural 

morphology and micro-void damage. The ANN provides a computational bridge between these 

microscale descriptors and macroscopic electromechanical constitutive coefficients, enabling the twin 

to interpret electrical sensing information and infer otherwise inaccessible subsurface damage evolution 

in the matrix and fiber–matrix interfaces. This illustrates the particular value of surrogate modeling in 

composite digital twins: computational acceleration can be achieved without completely abandoning the 

multiscale physical mechanisms responsible for structural degradation. 

A complementary strategy was demonstrated by Milanoski et al. (2023) for stiffened composite panels 

subjected to compression–compression fatigue. Their approach used a verified three-dimensional FE 

model of the pristine structure as the digital-twin baseline and employed the detailed FE simulations to 

train a surrogate model with respect to axial load. Strain measurements obtained from permanently 

attached fiber Bragg grating sensors were then compared with the surrogate predictions. Measurements 

remote from the damaged region were used to estimate the applied load, while discrepancies between 

measured and predicted strain fields provided health indicators for detecting, localizing, and 

characterizing skin-to-stringer disbonding, impact-damage propagation, and overall stiffness 

degradation. This approach demonstrates how a computationally expensive FE representation can serve 

as an offline knowledge generator, while a substantially faster surrogate performs the repeated 

evaluations required during operational monitoring.  

The usefulness of data-driven surrogate models, however, depends strongly on their ability to remain 

reliable when the monitored structure differs from the configurations represented during training. This 

is particularly problematic for composites because different lay-ups, material systems, manufacturing 

variations, and damage states can produce substantial changes in measured responses. Liu et al. (2024) 

addressed this issue through a structural-digital-twin-assisted domain-generalization framework for 

fatigue damage detection in carbon fiber reinforced polymer (CFRP) structures. Digital-twin simulations 

were used to augment limited physical monitoring data, while knowledge distillation and related 

learning strategies were employed to extract features that remained informative across different 

composite lay-ups. Their results demonstrated damage-detection accuracies exceeding 80% for target 

CFRP configurations whose monitoring data were unavailable during training, illustrating the potential 

of virtual data to improve cross-structure generalization.  
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The scarcity and imbalance of experimentally measured damage data constitute a related limitation. 

Acquiring large datasets representing progressive or severe damage in aerospace-grade CFRP 

components is costly and may require destructive testing. Liu et al. (2025) therefore developed a 

structural digital twin combined with few-shot meta-transfer learning for CFRP damage detection. The 

numerical twin generated balanced virtual datasets representing different damage conditions, which 

were used for pre-training before the model was adapted to the physical domain using only a small 

number of real observations. The approach substantially improved classification performance under 

data-scarce conditions and successfully supported damage localization. Such results indicate that 

simulation-generated data can extend the role of the physics-based twin beyond direct response 

prediction by providing synthetic training environments for machine-learning models. Nevertheless, the 

accuracy of such approaches ultimately remains dependent on the representativeness of the underlying 

numerical twin and the effectiveness of transferring information from simulated to physical domains.  

Even with high-fidelity multiscale models and advanced surrogate platforms, discrepancies between 

idealized virtual twins and their as-built physical counterparts inevitably arise from manufacturing 

tolerances, uncertain material properties, simplified boundary conditions, sensor errors, and temporal 

degradation. Zuo et al. (2023) addressed this problem through a digital twin response-prediction 

framework incorporating three levels of error correction for CFRP configurations. First, macro-

geometric correction was used to reconcile the nominal numerical geometry with the actual physical 

boundaries. Second, adaptive boundary-condition correction adjusted stiffness parameters at loading 

fixtures using experimental feedback. Finally, an online residual-error correction scheme compensated 

for remaining nonlinear discrepancies between measured strain responses and virtual predictions. Rather 

than treating model discrepancy as a fixed calibration error, this approach demonstrates the importance 

of continuously correcting the numerical representation as new information becomes available. 

Recent work further emphasizes that correction should be accompanied by independent validation of 

the reconstructed structural state. Li et al. (2026), for example, developed a real-time deformation digital 

twin for composite plates by integrating distributed fiber-optic strain sensing with the inverse FE method 

and synchronized motion-capture validation. The framework reconstructed full-field dynamic 

deformation from one-dimensional strain measurements while explicitly addressing time 

synchronization and environmental and operational variations. Experimental tests under several 

vibration frequencies and loading positions produced maximum displacement errors below 0.3 mm, 

while the independent motion-capture system provided a mechanism for dynamic validation and 

calibration. Together, these developments indicate that advanced composite digital twins increasingly 

require a hybrid modeling architecture in which high-fidelity physics models establish mechanically 

meaningful behavior, surrogate and machine-learning models provide computational speed, physical 

measurements continuously update the virtual state, and error-correction and validation mechanisms 

prevent progressive divergence between the digital and physical structures. 

 

4. Structural Health Monitoring and In Situ Sensing 

Once a composite component transitions from the manufacturing floor to its operational phase, it is 

subjected to complex cyclic loading profiles, environmental fluctuations, and unexpected impact events. 

To ensure structural reliability and prevent catastrophic failure, the virtual twin must continuously mirror 

the live physical state of the asset (Shomran et al., 2023). Modern digital twin architectures achieve this 

by integrating advanced SHM paradigms with in situ sensing networks, allowing the virtual model to 

track damage progression, back-calculate operational loads, and predict stiffness degradation in real 

time. 

A critical challenge in the SHM of aerospace composite structures is the detection of subsurface damage, 

such as skin-to-stringer debonding in stiffened panels under compressive or fatigue loading. Because 

this damage often propagates internally without visible surface indications, Milanoski et al. (2021) 

demonstrated a digital twin framework that couples multi-sensor data fusion with fast mathematical 

surrogates. Their physical testing setup utilizes fiber Bragg grating sensor arrays embedded within the 

composite structure alongside non-contact digital image correlation systems to capture continuous 

localized strain fields. By feeding these synchronized experimental telemetry streams into a pre-trained 
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virtual surrogate model, their digital twin successfully interprets changes in the strain signatures and 

dynamically maps the progression and shape of skin-to-stringer disbond growth during operation. 

Aircraft structures are continuously exposed to operational and environmental loads that can induce 

deformation, damage, and fatigue cracking, making SHM essential for in situ assessment of structural 

integrity. Kosova et al. (2025) reviewed the current state of SHM in aviation, including civil and military 

regulations, data-acquisition technologies, and damage detection and identification methods. Their 

review covers conventional electrical resistance sensors, fiber-optic sensors, piezoelectric sensors, and 

smart materials, together with knowledge-based, frequency-domain, machine-learning, and deep-

learning approaches such as convolutional neural networks and long short-term memory networks. They 

also highlighted the emerging role of physics-informed neural networks, which integrate physical 

governing principles with data-driven learning. Despite these advances, directly measuring multiaxial 

stress states over an entire complex aircraft structure remains impractical because of limitations on the 

number and placement of physical sensors. To address this constraint, Lai et al. (2023) developed a 

digital twin framework that combines sparse physical measurements with computational data and 

demonstrated the approach using an aircraft wing. In the proposed framework, a deep-learning model 

first uses real-time strain-gauge measurements to solve the inverse load-identification problem and 

estimate the magnitude and distribution of external loads. These identified loads are then mapped to a 

high-fidelity computational model database, enabling the digital twin to reconstruct full-field stress 

distributions from a limited number of sensor measurements. The framework further incorporates 

rainflow counting to continuously estimate fatigue damage accumulation and structural life 

consumption, illustrating how digital twins can extend conventional SHM from localized sensing toward 

comprehensive, real-time assessment of aircraft structures. 

 

5. Environmental Degradation Monitoring in Composite Structures 

Beyond mechanical loading, composite structures are also exposed to moisture ingress, humidity 

fluctuations, thermal cycling, and sudden temperature variations, all of which can alter material 

properties, accelerate degradation, and reduce long-term durability. Accordingly, recent digital twin 

research has begun to move beyond purely load-driven structural monitoring toward frameworks that 

integrate environmental exposure, material degradation, and structural response within the same virtual 

representation (Karakadakattil, 2026). This transition reflects a broader development in digital twin 

research. Artioli et al. (2026), reviewing 121 studies across urban environments, agriculture, marine and 

coastal systems, river and lake networks, forestry, ecology, glaciers, Earth-system science, and building 

sustainability, showed that environmental digital twins are expanding rapidly but remain technologically 

immature. Most applications were concentrated at Technology Readiness Levels 2–6, while 

interoperability, calibration, scaling, deployment, and governance remained recurrent barriers. Their 

findings are particularly relevant to composite-structure digital twins because they demonstrate that 

integrating environmental information into a digital twin is not merely a sensing problem but also a 

problem of data interoperability, model calibration, and lifecycle-scale deployment. 

This broader environmental perspective complements the materials-engineering view presented by Tur 

(2023), who emphasized the ability of digital twins to combine historical information, real-time 

monitoring, and computational algorithms to predict mechanical properties, failure modes, and phase 

transformations while simultaneously supporting manufacturing-process optimization. Whereas Tur 

(2023) considered digital twins primarily as predictive and optimization tools across materials 

engineering, Alajmi (2024) focused more specifically on FRPs and their sustainability. Alajmi argued 

that digital twins can improve curing kinetics, mechanical properties, process monitoring, and the 

sustainable manufacture of both synthetic and natural FRPs, with applications ranging from continuous-

carbon-fiber additive manufacturing to recyclable Elium®-based composites. Importantly, this work 

extends the role of digital twins from improving manufacturing efficiency to balancing structural 

performance with sustainability objectives. Thus, while Tur (2023) provides a general materials-

engineering framework, Alajmi (2024) positions digital twins more explicitly within the lifecycle and 

sustainability challenges of composite materials. 
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Studies from the built-environment domain further illustrate how environmental information can be 

incorporated into operational digital twins. Kang and Mo (2024) identified real-time connectivity and 

predictability between physical and virtual systems as essential requirements for construction digital 

twins and demonstrated these principles through environmental-performance monitoring of existing 

buildings. Abdelfattah and Uzun (2025) adopted a more implementation-oriented approach by 

integrating Building Information Modeling (BIM) with Internet of Things (IoT) sensors. Their 

framework continuously synchronized environmental measurements from Arduino-based sensors with 

a Revit-based BIM model, thereby creating a real-time digital representation of indoor conditions. 

Although successful at the room scale, the authors identified scalability and response latency as 

important limitations. In comparison, Kang and Mo (2024) emphasize the conceptual requirements of 

connectivity and predictability, whereas Abdelfattah and Uzun (2025) demonstrate a concrete sensor-

to-model implementation. Both studies nevertheless reinforce an important principle for composite 

digital twins: environmental sensing becomes useful only when measured data can be reliably 

transferred to and interpreted by the virtual model in near real time. 

A similar progression can be observed in aerospace monitoring. Elizabeth and Barshilia (2024) 

examined corrosion as a major limitation on aircraft service life and reviewed conventional and 

advanced nondestructive inspection methods, real-time corrosion sensors, artificial intelligence, 

machine learning, and digital twin concepts. They proposed that the integration of these approaches 

could support a virtual replica capable of characterizing the evolving condition of aircraft structures in 

real time. Their discussion is conceptually related to environmentally driven degradation in polymer 

composites, although the dominant degradation mechanisms differ.  

In metallic aircraft structures, corrosion monitoring is central, whereas in polymer-matrix composites, 

moisture absorption and hygrothermal aging can alter the matrix, fiber–matrix interface, and overall 

mechanical response. Experimental studies also demonstrate that environmental exposure can 

substantially influence the mechanical and thermal behavior of FRP systems. Akderya and Çevik (2018), 

for example, investigated the effects of thermal-oil environmental aging on E-glass fiber/epoxy 

composites, highlighting the sensitivity of their mechanical and thermal properties to prolonged 

environmental exposure. At the structural-joint level, Akderya et al. (2020) further examined the 

influence of thermal aging on the tensile performance of adhesively bonded E-glass fiber/epoxy joints, 

demonstrating that environmental degradation may affect not only the composite constituents but also 

the integrity of bonded interfaces. These findings reinforce the need for environmental digital twins to 

incorporate material- and connection-specific degradation mechanisms rather than relying on a universal 

degradation model. 

This requirement is addressed more directly by Karakadakattil (2026), who developed a physics-based 

digital twin framework for coupled hygro–thermo–mechanical degradation in fiber-reinforced polymer 

composites. The framework combines moisture-diffusion modeling, temperature-dependent aging 

kinetics, and mechanical-degradation models to estimate the evolution of material properties under 

coupled environmental conditions. Compared with the more sensor- and data-integration-oriented 

approaches of Kang and Mo (2024), Abdelfattah and Uzun (2025), and Elizabeth and Barshilia (2024), 

Karakadakattil (2026) places greater emphasis on embedding degradation physics within the digital 

twin. This distinction is important because measuring environmental variables alone does not reveal 

how those variables translate into loss of structural performance. A physically informed digital twin can 

establish this missing link by converting environmental exposure histories into estimates of moisture 

uptake, material-property degradation, and structural-condition evolution. 

Data-driven approaches provide a complementary route. Aysa and Karimi (2025) investigated CFRP-

to-aluminum adhesive joints exposed to natural and accelerated aging under elevated temperature and 

humidity. Their results showed progressive reductions in mechanical strength together with matrix 

separation, surface roughening, fiber–matrix debonding, and adhesive degradation. By incorporating 

newly acquired data into the virtual model, their digital twin approach dynamically updated degradation 

predictions and improved long-term performance estimation. This differs from the predominantly 

physics-based approach of Karakadakattil (2026). The latter seeks to represent the governing 

degradation mechanisms explicitly, whereas Aysa and Karimi (2025) emphasize adaptive prediction 

through continuous data assimilation and machine learning. Neither approach is necessarily sufficient 



55 

on its own. Physics-based models provide interpretability and extrapolation grounded in known 

degradation mechanisms, while machine-learning models can adapt to complex relationships and 

evolving operational data that may be difficult to capture analytically. 

The adaptive capability of machine-learning-enabled digital twins is particularly important when 

environmental and loading conditions evolve throughout service. Unlike static simulation models, 

digital twins can be periodically or continuously updated as new measurements become available. Aysa 

and Karimi (2025), for example, showed how retraining with newly acquired operational data can help 

maintain predictive accuracy under changing hygrothermal conditions. This capability is especially 

relevant to aerospace, marine, and renewable-energy structures, where composite components 

experience simultaneous mechanical loading, moisture exposure, thermal variation, and aging. In such 

environments, a model calibrated only to initial material properties or laboratory conditions may 

progressively diverge from the actual structural state. 

Taken together, these studies indicate a clear evolution in digital twin research from isolated monitoring 

and virtual representation toward integrated, adaptive, and lifecycle-oriented systems. Tur (2023) 

emphasizes prediction and manufacturing optimization, Alajmi (2024) extends this perspective toward 

sustainable FRP manufacturing, Kang and Mo (2024) and Abdelfattah and Uzun (2025) demonstrate 

the importance of real-time environmental connectivity, Elizabeth and Barshilia (2024) illustrate the 

value of combining sensing, nondestructive inspection, AI, and digital twin concepts for aerospace 

degradation monitoring, while Karakadakattil (2026) and Aysa and Karimi (2025) move further toward 

explicit prediction of environmentally induced composite degradation. The comparison suggests that 

the next generation of composite digital twins should not treat structural sensing, environmental 

monitoring, degradation physics, and machine-learning prediction as separate functions. Instead, these 

components should be integrated within a unified architecture capable of simultaneously tracking 

mechanical loading, moisture absorption, thermal aging, and evolving material properties. Such 

integration would provide a stronger basis for predicting structural integrity, damage progression, and 

remaining useful life throughout the service lifecycle. 

 

6. Lifecycle Integration and the Digital Thread 

A fully functional digital twin for composite structures requires continuity of information across the 

asset lifecycle rather than isolated virtual models for manufacturing, structural analysis, and service 

monitoring. The digital thread provides the information backbone linking data generated during design, 

manufacturing, inspection, operation, maintenance, and retirement. Tao et al. (2018) emphasized the 

integration of product design, manufacturing, and service data within a digital-twin framework, while 

Abdel-Aty and Negri (2024) identified traceability and lifecycle-wide data connectivity as central 

functions of the digital thread. For composite structures, this continuity is particularly important because 

manufacturing history directly affects structural performance. Process parameters, as-built geometry, 

fiber orientation, detected defects, and inspection records should therefore become persistent attributes 

of the operational twin. Zhang et al. (2022) demonstrated this principle in aircraft assembly by 

integrating digital-twin modules through a digital thread that preserves relationships among product 

characteristics, process parameters, equipment states, and quality information. 

Once the component enters service, the twin must evolve with the physical structure. Tuegel et al. (2011) 

proposed an aircraft structural digital twin in which an as-built model is periodically updated using 

actual usage information and probabilistic methods so that accumulated damage and structural life can 

be reassessed for an individual asset. More recent approaches formalize this process through data 

assimilation and Bayesian inference. Kapteyn et al. (2022) combined component-based reduced-order 

models with Bayesian state estimation, allowing sensor observations to identify the model state most 

consistent with the physical asset while retaining computational efficiency. Similarly, Kapteyn et al. 

(2021) represented the physical asset and digital twin as coupled dynamical systems whose states evolve 

through observations and control inputs. Such updating is especially relevant to composites because 

stiffness loss, delamination growth, environmental degradation, and changing boundary conditions 

evolve throughout service. 
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The continuously updated twin can then support predictive maintenance and remaining useful life 

estimation. Wang et al. (2020) integrated inspection data, finite-element calculations, historical 

information, a crack-growth model, and Bayesian inference to update aircraft structural life predictions. 

Chia et al. (2024) likewise identified airframe digital twins as an important route toward structural 

prognostics and predictive maintenance, while stressing the need to incorporate operational and 

environmental conditions. More broadly, van Dinter et al. (2022) found remaining useful life estimation 

to be a principal objective of digital-twin-enabled predictive maintenance. For composite assets, 

maintenance decisions could therefore be based not only on detected damage but also on its predicted 

consequences under the recorded loading and environmental history. 

Lifecycle integration also increases the importance of model credibility. Validation cannot be treated as 

a one-time activity at deployment for a twin that continuously evolves through new sensor data, model 

updates, repairs, and changing operating conditions. Shao et al. (2023) argue that verification, validation, 

and uncertainty quantification should accompany the digital twin throughout its lifecycle. Composite 

digital twins should therefore account for uncertainty arising from sensor noise, material variability, 

model-form error, surrogate approximation, and extrapolation beyond training conditions. Confidence 

bounds should accompany damage and remaining useful life predictions when these outputs support 

inspection intervals, repair decisions, or safety-critical operation. The long-term objective is thus a 

traceable digital thread linking the as-designed, as-manufactured, as-monitored, and as-maintained 

states of each composite asset, with continuous data assimilation and credibility assessment converting 

lifecycle information into defensible engineering decisions. 

Table 1 summarizes the representative digital twin approaches reviewed in the preceding sections 

according to their application domain, lifecycle stage, sensing strategy, computational framework, 

principal function, and remaining limitations. The comparison demonstrates a gradual transition from 

process-specific manufacturing twins and isolated structural monitoring toward adaptive systems 

incorporating as-built information, real-time state updating, environmental degradation, and lifecycle-

oriented prediction. However, few existing studies integrate all of these functions within a single 

continuous digital thread. 

 

7. Challenges Toward Lifecycle-Integrated Digital Twins 

Despite substantial advances in the application of digital twins to composite manufacturing, multiscale 

modeling, SHM, environmental degradation assessment, and lifecycle integration, several technical 

limitations continue to restrict their transition from research demonstrations to reliable industrial 

implementation. These limitations are particularly pronounced for FRP composites because their 

structural response is governed by anisotropic and heterogeneous material behavior, manufacturing-

induced variability, interacting damage mechanisms, environmental sensitivity, and complex 

relationships between local damage and global structural response. Furthermore, a lifecycle digital twin 

must maintain consistency between physical measurements and virtual predictions as the composite 

structure evolves from its as-manufactured state through operation, degradation, inspection, repair, and 

continued service. Five research priorities emerge as particularly important: computational efficiency 

without unacceptable loss of physical fidelity, long-term sensor reliability, interoperable lifecycle data 

architectures, rigorous verification and uncertainty quantification, and the ability of predictive models 

to generalize and adapt throughout the structural lifecycle. 

7.1. Computational Efficiency and High-Fidelity Modeling 

A fundamental challenge for composite digital twins is reconciling the computational cost of detailed 

structural models with the rapid execution required for real-time state estimation and decision support. 

FRP structures exhibit material and geometric nonlinearities together with multiple damage 

mechanisms, including matrix cracking, fiber failure, delamination, interfacial debonding, and local 

buckling. Accurately representing these phenomena may require nonlinear FE analysis, progressive-

damage formulations, or multiscale models linking constituent-level behavior to laminate and structural 

responses. As discussed earlier in this review, such high-fidelity calculations are generally too 

computationally demanding for direct execution within continuously synchronized digital twin loops. 
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The use of deep-learning surrogate architectures in composite manufacturing, such as the framework 

developed by Fernández-León et al. (2024), illustrates how computationally expensive physical 

simulations can be replaced by rapidly evaluated representations suitable for near-real-time process 

monitoring. 

 

Table 1. Synthesis of representative digital twin applications relevant to composite structures across 

the lifecycle 

Study 
Application / 

Lifecycle Stage 
Data and DT Approach Main Function 

Main Limitation / 

Research Need 

Fernández-León 

et al. (2024) 

Liquid 

composite 

molding / 

Manufacturing 

Mold pressure sensors + 

deep-learning surrogate 

Reconstructs permeability 

and detects race-tracking 

and flow-front anomalies in 

real time 

Validation under more 

complex geometries, 

materials, and process 

disturbances 

Döbrich & 

Brauner (2023) 

Textile 

composites / 

Manufacturing 

In situ machine vision + 3D 

FE mapping 

Transfers fiber orientation, 

shear, and wrinkling into an 

as-built structural model 

Primarily surface 

characterization; internal 

defects and lifecycle transfer 

remain limited 

Ghosh et al. 

(2025) 

Piezoelectric 

composites / 

Modeling and 

operation 

Electrical sensing + ANN-

assisted multiscale damage 

model 

Estimates subsurface 

damage and 

electromechanical response 

from limited measurements 

Generalization across material 

variability and interacting 

damage states 

Zuo et al. (2023) CFRP structures 

/ Model 

updating 

Experimental measurements 

+ geometric, boundary, and 

residual-error correction 

Maintains agreement 

between physical and virtual 

structural responses 

Further validation under 

variable loads and progressive 

multi-mode damage 

Milanoski et al. 

(2021) 

Composite 

aerostructures / 

SHM 

FBGs and DIC + 

surrogate/data-fusion model 

Tracks skin-to-stringer 

disbond progression during 

operation 

Sensor durability, scalability, 

and long-term operational 

validation 

Lai et al. (2023) Aircraft wing / 

SHM and 

prognosis 

Sparse strain measurements 

+ deep learning and 

computational database 

Identifies loads, reconstructs 

full-field stress, and 

estimates fatigue 

accumulation 

Dependent on load-

identification accuracy and 

database representativeness 

Karakadakattil 

(2026) 

FRP composites 

/ Environmental 

degradation 

Hygro–thermo–mechanical 

physics-based model 

Converts environmental 

exposure into evolving 

material and structural 

properties 

Requires broader 

experimental and real-time 

sensing validation 

Aysa & Karimi 

(2025) 

CFRP–

aluminum joints 

/ Environmental 

degradation 

Hygrothermal test data + 

machine-learning-enabled 

updating 

Adaptively predicts strength 

degradation under aging 

Extrapolation beyond the 

available aging and 

environmental data 

Alajmi (2024) FRP systems / 

Manufacturing 

and 

sustainability 

Digital-twin-based process 

and material optimization 

Supports curing, process 

control, mechanical 

performance, and 

sustainability 

Lifecycle implementation 

remains less developed than 

manufacturing applications 

Abdelfattah & 

Uzun (2025)* 

Built 

environment / 

Environmental 

monitoring 

IoT environmental sensing 

+ BIM-based virtual model 

Demonstrates continuous 

environmental physical–

virtual synchronization 

Adjacent-domain application; 

scalability and latency 

limitations 

Kang & Mo 

(2024)* 

Buildings / 

Environmental 

monitoring 

Real-time environmental 

data + DT framework 

Demonstrates connectivity 

and predictive 

environmental monitoring 

Transferable concept rather 

than a composite-specific 

implementation 

Elizabeth & 

Barshilia 

(2024)* 

Aircraft 

degradation / 

Operation 

NDI, sensing, AI/ML, and 

DT concepts 

Supports real-time 

degradation assessment 

Primarily metallic corrosion; 

FRPs require material-specific 

degradation models 

* Adjacent-domain studies included because they provide transferable concepts relevant to composite digital twins. 
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This fidelity–efficiency problem extends beyond composite manufacturing. Es-haghi et al. (2024) 

identified reduced-order modeling, data-driven machine learning, and physics-informed learning as 

major approaches for enabling real-time digital twin analysis. Drakoulas et al. (2023) similarly 

demonstrated that machine-learning-assisted reduced-order modeling can reproduce the dominant 

response of computationally intensive models while substantially reducing evaluation time. However, 

computational acceleration introduces approximation errors whose importance increases when the 

structural condition departs from the domain represented during model development. For composites, 

this problem is particularly relevant when several damage mechanisms interact or when local damage 

produces abrupt changes in structural response. Future research should therefore emphasize adaptive 

multi-fidelity architectures rather than relying exclusively on a single surrogate model. Reduced-order 

or machine-learning models could provide continuous real-time predictions, while higher-fidelity 

analyses could be selectively activated when abnormal structural states, rapidly evolving damage, or 

safety-critical conditions are detected. Such architectures could preserve computational efficiency while 

maintaining sufficient mechanical fidelity for lifecycle decision-making. 

7.2. Sensor Reliability and Calibration Stability 

 The reliability of an operational composite digital twin depends directly on the quality and continuity 

of the measurements connecting the physical structure to its virtual representation. The frameworks 

reviewed in this study employ embedded or surface-mounted sensing systems to identify strain fields, 

infer applied loads, detect damage progression, and update the virtual structural state (Milanoski et al., 

2021; Ghosh et al., 2025). Because these measurements provide the evidence by which the virtual model 

is corrected, sensor degradation can propagate directly into erroneous structural-state estimates. 

The problem is particularly significant for composite structures operating under cyclic mechanical 

loading, thermal variation, humidity, moisture ingress, and other environmental effects. Fiber-optic 

sensors are attractive for composite SHM because they can be embedded with relatively limited 

additional mass and can support distributed or multiplexed measurements. Nevertheless, embedding 

configuration, strain transfer, temperature compensation, sensor placement, signal interpretation, and 

long-term durability all affect measurement reliability. A recent review by Zhang et al. (2025) 

emphasizes that sensor embedding methods, monitoring principles, and signal transmission are central 

determinants of the reliability of SHM results in composite structures and identifies continuing 

limitations across FBG, piezoelectric, carbon-nanotube, and other emerging sensor technologies. 

Environmental degradation further complicates this relationship. Aceti et al. (2023) showed that 

hygrothermal aging can substantially affect composite service performance and highlighted fiber-optic 

SHM as a means of monitoring moisture-related degradation in service.  

Future composite digital twins should therefore treat sensor health as part of structural health rather 

than assuming that incoming measurements remain permanently reliable. Research is needed on 

redundant sensing, automated drift detection, temperature and moisture compensation, fault-tolerant 

sensor fusion, self-diagnostics, and periodic or continuous calibration. Algorithms should also 

distinguish a genuine change in composite behavior from sensor drift, debonding, signal loss, or 

environmental cross-sensitivity. Without such mechanisms, long-term digital twin updating may diverge 

from the actual structural condition even when the underlying numerical model remains accurate. 

7.3. Data Interoperability and Standardization 

Lifecycle implementation introduces another challenge because a composite digital twin must integrate 

information generated by systems that were not originally designed to operate as a unified digital 

environment. Relevant data may originate from CAD models, manufacturing simulations, resin-flow 

monitoring, cure histories, machine-vision inspection, material databases, FE models, nondestructive 

evaluation, embedded sensors, environmental monitoring, maintenance records, and operational loading 

histories. The technical challenge therefore extends beyond storing large volumes of heterogeneous 

information. The relationships, physical meaning, temporal context, and provenance of those data must 

remain interpretable as information moves between lifecycle stages. 

This requirement is particularly important for composites because the as-manufactured state may differ 

substantially from the nominal design. Local fiber orientation, wrinkles, voids, resin-rich regions, 
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permeability variations, cure history, and other manufacturing features can influence subsequent damage 

initiation and progression. If such information is lost when the manufacturing twin is transferred into 

the operational twin, the lifecycle model effectively reverts to an idealized representation and an 

important purpose of the digital thread is lost. The preceding sections identify the need to progress from 

idealized CAD representations toward as-built virtual models and to maintain continuous state updating 

throughout service. 

Acharya et al. (2024) demonstrate that digital-twin interoperability encompasses technical, syntactic, 

semantic, pragmatic, dynamic, and organizational dimensions. Consequently, successful data exchange 

does not necessarily mean that heterogeneous components interpret and use exchanged information 

consistently. Standardization efforts provide an important foundation, but domain-specific requirements 

remain for composite lifecycle applications. Future research should establish common definitions and 

metadata for material architecture, manufacturing defects, sensor locations, loading histories, 

degradation states, model versions, inspection findings, uncertainty measures, and repairs. Digital thread 

architectures should also preserve traceability between individual measurements, model updates, and 

resulting engineering decisions. Such interoperability would enable the as-designed, as-manufactured, 

as-monitored, and as-maintained states of a composite component to remain connected rather than 

becoming isolated digital representations at successive stages of its lifecycle. 

7.4. Verification, Validation, and Uncertainty Quantification 

As composite digital twins move from monitoring toward prediction and decision support, the credibility 

of their outputs becomes increasingly important. Agreement between a virtual model and a limited set 

of sensor measurements does not by itself establish that the twin will remain reliable under different 

loading conditions, environmental states, or stages of damage evolution. Composite structures contain 

numerous sources of uncertainty, including constituent and laminate-property variability, fiber-

orientation deviations, void content, interfacial properties, manufacturing defects, boundary-condition 

uncertainty, sensor noise, incomplete load measurements, environmental effects, and model-form 

assumptions. Surrogate and machine-learning models introduce additional uncertainty associated with 

training data, approximation error, and extrapolation. 

Shao et al. (2023) argue that verification, validation, and uncertainty quantification (VVUQ) should 

form part of digital twin credibility assessment throughout the twin lifecycle rather than being treated 

as a one-time activity conducted during initial model development. This principle is particularly relevant 

to composite digital twins because the physical system itself evolves through fatigue, impact, moisture 

absorption, thermal aging, inspection, and repair. A twin that was adequately validated in the undamaged 

state may therefore no longer possess the same predictive credibility after substantial material 

degradation or structural modification. 

Ye et al. (2023) demonstrated a structural digital twin approach in which dynamic sensor information 

and physics-based models were integrated to reduce uncertainties associated with structural 

characteristics, loading, fatigue-life prediction, and reliability prognosis. Although that study was not 

specifically developed for FRP composites, its uncertainty-aware framework is directly relevant to the 

methodological requirements of composite structural twins. Future research should extend such 

approaches to composite-specific damage mechanisms and material variability. Digital twins intended 

to predict delamination growth, stiffness degradation, failure probability, or remaining useful life should 

provide uncertainty bounds or probabilistic confidence measures rather than deterministic estimates 

alone. Verification of computational implementation, validation using representative experiments and 

service data, propagation of sensor and material uncertainties, and quantification of surrogate-model 

error should accompany significant model updates. These requirements become especially important 

when twin predictions are used to modify inspection intervals, postpone maintenance, authorize 

continued operation, or support other safety-critical decisions. 

7.5. Model Generalization and Long-Term Adaptability 

A final challenge concerns whether a digital twin developed for a particular composite configuration 

can remain predictive when the physical asset encounters conditions outside those represented during 

training or calibration. This issue is especially significant for data-driven and hybrid models. Composite 
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structural response depends on numerous interacting variables, including material system, stacking 

sequence, geometry, manufacturing quality, impact history, load spectrum, temperature, moisture 

exposure, aging, and existing damage. Experimental datasets cannot realistically cover every 

combination of these variables, particularly rare but safety-critical damage scenarios. 

Nele et al. (2024) identify generalization outside the available data domain and overfitting as important 

limitations in machine-learning-enabled digital twins. They also note the difficulty of obtaining 

representative data for extreme or unsafe operating states, for which hybrid combinations of physical 

simulation and experimental information may help extend the available training domain. For composite 

applications, this limitation is closely connected to the discrepancy between idealized training conditions 

and the evolving as-built structure. A surrogate trained using a pristine laminate may remain accurate 

for ordinary elastic loading but become unreliable after impact damage, moisture-induced property 

degradation, repair, or interacting delamination and fiber failure. 

Long-term lifecycle twins therefore require more than an initially accurate predictive model. They 

require mechanisms for identifying when new observations fall outside the domain in which the model 

has demonstrated credibility. Physics-informed machine learning, transfer learning, active learning, 

adaptive surrogate models, and controlled continual-learning strategies offer potential routes for 

maintaining accuracy as the physical asset evolves. However, adaptation should not be equated with 

unrestricted retraining. Continuous updating can introduce model drift or degrade previously established 

predictive capability if new data are sparse, noisy, or incorrectly interpreted. Model adaptation must 

therefore remain traceable and should be accompanied by renewed validation and uncertainty 

assessment. The ultimate research objective is a composite digital twin that can evolve with changes in 

manufacturing state, accumulated damage, environmental exposure, maintenance, and repair while 

retaining demonstrable predictive credibility. Achieving this combination of adaptability, physical 

consistency, and traceability is likely to be one of the principal requirements for moving composite 

digital twins from specialized research applications toward dependable lifecycle engineering systems. 

 

8. Conclusion 

This review examined the development of digital twin approaches for fiber-reinforced polymer 

composite structures across manufacturing, structural modeling, operational monitoring, environmental 

degradation, and lifecycle management. The literature indicates that the principal value of digital 

twinning for composites lies in its ability to connect information that has traditionally been treated in 

separate engineering stages. Manufacturing parameters, as-built geometry and defects, structural 

models, sensor measurements, environmental exposure, damage evolution, and maintenance 

information can potentially be maintained within a continuously updated representation of the physical 

asset. This capability is particularly important for composite structures because their structural 

performance depends strongly on material architecture, processing history, local imperfections, 

interacting damage mechanisms, and time-dependent environmental effects. 

The reviewed studies demonstrate substantial progress within individual parts of this framework. 

Manufacturing-oriented twins can reconstruct process conditions and transfer measured geometric or 

material features into as-built models. Physics-based models, reduced-order methods, surrogate models, 

and machine-learning approaches can substantially accelerate structural prediction while retaining 

different levels of mechanical information. During operation, SHM integrated with digital twin models 

enables sparse measurements to be used for load identification, damage localization, full-field response 

reconstruction, and fatigue assessment. Emerging work on hygrothermal and environmentally induced 

degradation further expands the digital twin from a predominantly load- and damage-oriented concept 

toward a representation of the evolving material state. Collectively, these developments show that 

composite digital twins are moving from static or task-specific virtual representations toward adaptive 

systems capable of supporting condition assessment, prognosis, and maintenance decisions. 

However, the literature also shows that these capabilities remain fragmented. Few existing frameworks 

maintain continuous information flow from the as-designed and as-manufactured states through 

monitoring, degradation, maintenance, and subsequent structural updating. Achieving such continuity 
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requires more than increasing computational speed or adding additional sensors. Real-time predictions 

must remain physically credible as the structure changes, sensor performance itself must be monitored, 

heterogeneous lifecycle data must remain interoperable and traceable, and model updates must be 

accompanied by verification, validation, and uncertainty quantification. The ability of data-driven 

models to recognize extrapolation beyond their validated domains and to adapt without uncontrolled 

model drift is equally important for long-term deployment. 

Future research should therefore focus on lifecycle-integrated composite digital twins rather than 

increasingly sophisticated isolated applications. A promising direction is a hybrid architecture in which 

high-fidelity physics models provide mechanistic consistency, reduced-order and machine-learning 

models provide computational efficiency, sensing and environmental data continuously update the 

structural state, and adaptive multi-fidelity strategies determine when higher-fidelity analysis or 

renewed validation is required. These elements should be connected through a traceable digital thread 

that preserves manufacturing history, structural condition, environmental exposure, model revisions, 

uncertainty, inspection findings, and maintenance actions throughout the asset lifecycle. Progress 

toward this architecture would shift composite digital twins from specialized monitoring and simulation 

tools toward credible lifecycle engineering systems capable of supporting predictive maintenance, 

remaining useful life assessment, and safety-critical decision-making. 
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Abstract 

Fiber-reinforced polymer composites are widely used in modern aircraft because their high specific stiffness 

and strength enable substantial structural weight savings. Their environmental performance, however, 

cannot be inferred from lightweighting alone. Carbon-fiber production, resin manufacture, composite 

processing and end-of-life treatment may impose considerable burdens before and after service, whereas 

lower structural mass can reduce energy use during operation. The overall balance therefore depends on the 

component, manufacturing route, aircraft mission, service life, maintenance strategy and end-of-life 

assumptions. The discussion focuses on how structural design and lightweighting interact with 

environmental burdens across the aircraft life cycle. Particular attention is given to CFRP manufacturing, 

functional equivalence in material comparisons, operational weight savings, repair and service-life 

extension, recycling, recycled carbon fibers and emerging thermoplastic and bio-based systems. A separate 

section addresses satellite and space structures, where lightweighting remains important but life-cycle 

boundaries differ markedly from those of aircraft. The central premise is that the sustainability of an 

aerospace composite is determined by the performance of the complete structure over its life cycle rather 

than by material properties alone. 

Keywords: Aerospace composites; Carbon fiber reinforced polymer; Aviation; Space systems; Life cycle 

assessment; Sustainability; Recycling; Repair. 

 

1. Introduction 

Weight is a critical design variable in aerospace engineering because structural mass influences payload, 

range, fuel demand and, in some cases, the sizing of other aircraft systems. Fiber-reinforced composites are 

                                                      
1 https://orcid.org/0000-0002-0974-1759 
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therefore attractive not simply because they are light, but because their high specific stiffness and strength 

can be tailored through fiber orientation, laminate architecture and local thickness. These characteristics 

have supported the transition of carbon-fiber-reinforced polymers (CFRPs) from secondary components to 

major aircraft structures (Soutis, 2005). 

The environmental case for lightweight composites is often built around reduced fuel consumption during 

service. This benefit can be substantial, but it must be weighed against the impacts associated with producing 

and processing the composite. Life-cycle studies have demonstrated this mechanism. Scelsi et al. (2011) 

showed that higher production burdens for lightweight composite aircraft structures could be offset by 

cumulative use-phase savings. At aircraft and fleet scale, Timmis et al. (2015) similarly reported lower 

lifetime impacts for a composite-intensive aircraft despite higher manufacturing impacts. These findings 

should not be interpreted as evidence that CFRP is inherently sustainable. Carbon-fiber production and 

composite processing can be energy intensive, while thermoset CFRP still presents significant end-of-life 

challenges. The relevant comparison is therefore not simply CFRP versus aluminum per kilogram, but two 

structures that provide the required aerospace function over an equivalent service period. 

More recent assessments have begun to treat the problem at system level. Atescan-Yuksek et al. (2024) 

compared aluminum and several CFRP alternatives while accounting for manufacturing and operational 

effects. Under their study assumptions, the higher initial burdens of the composite solutions were recovered 

during operation, although the reported break-even distance was specific to the materials, structural 

assumptions and flight scenario considered. Hellmann et al. (2025) extended this type of analysis to aircraft 

configurations with different CFRP contents, illustrating why component-level mass savings cannot always 

be scaled directly to aircraft-level environmental performance. 

Service life complicates the comparison further. Composite aircraft structures experience inspection, 

damage, maintenance and repair before reaching end of life. A repair that safely restores structural function 

can avoid replacement of a much larger component and may therefore contribute to sustainability through 

service-life extension. End-of-life performance is equally dependent on function: recovered carbon fiber has 

greater environmental value when it can replace a technically comparable virgin reinforcement than when 

it is downgraded to a low-performance filler. 

Earlier reviews have examined natural fibers, recycled carbon fibers and bio-based matrices as potentially 

more sustainable aviation materials (Bachmann et al., 2017). The present chapter takes a different approach. 

Rather than asking which constituent is environmentally preferable in isolation, it follows the composite 

structure through its life cycle and examines how structural design, manufacturing, operation, repair and 

end-of-life management interact. A dedicated section also extends this framework to satellite and space 

structures, where the role of mass and end-of-life management differs substantially from conventional 

aviation. 

2. Composite Structures in Aviation and the Lightweighting Rationale 

2.1. Structural Requirements and Specific Performance 

The principal advantage of fiber-reinforced composites in aircraft structures lies in their combination of low 

density and directional mechanical performance. Laminated composites allow stiffness and strength to be 

distributed according to the load path, provided that off-axis loading, joints, impact damage and interlaminar 

failure are properly addressed. Soutis (2005) identified high specific stiffness and strength, together with 

structural tailorability, as central reasons for the increasing use of composites in aircraft. 

This also means that substitution cannot be assessed on mass alone. An aluminum and a CFRP component 

of identical thickness do not necessarily provide equivalent stiffness, strength or damage tolerance. 

Conversely, replacing a metallic component with an overly conservative composite design may fail to 

exploit the potential mass advantage. Environmental assessment should therefore follow the final structural 

solution rather than rely only on material properties. For aerospace applications, functional equivalence is 

consequently essential. Equal masses of two materials are useful for raw-material comparison, but a 
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structural comparison should, as far as possible, reflect equivalent stiffness, strength, stability, durability or 

another relevant design requirement. 

2.2. From Metallic Structures to CFRP 

Aluminum alloys remain important aerospace materials because they combine established design data, 

mature manufacturing routes and well-developed repair and recycling systems. CFRP therefore represents 

an alternative structural strategy rather than a universally superior replacement. A useful component-level 

example is the finite-element study of Kaya and Çevik (2023) on an F-16 main landing-gear structural part. 

Using the same geometry and boundary conditions, the authors compared an aluminum configuration with 

a CFRP counterpart under four loading cases. Within their numerical model, component mass decreased 

from 31.17 to 20.77 kg, corresponding to a reported reduction of 33.37%. 

This result demonstrates structural lightweighting potential, but it does not establish environmental 

superiority. The study was a mechanical finite-element comparison rather than an LCA; carbon-fiber 

production, composite processing, maintenance and end-of-life treatment were outside its scope. It therefore 

supports the first step of the sustainability argument—mass reduction—rather than the complete life-cycle 

conclusion. Wu et al. (2023) examined the same issue at component level through an LCA and life-cycle 

costing study of an aircraft door. They found that a composite alternative could carry a higher manufacturing 

burden than the metallic design, while improved structural optimization and reduced material demand could 

substantially change the outcome. Structural efficiency and environmental performance are therefore closely 

linked. 

2.3. Lightweighting as a Potential Environmental Lever 

Aircraft lightweighting has an unusual life-cycle characteristic: production impacts are incurred mainly at 

the beginning of life, whereas the effect of carrying structural mass recurs throughout service. This explains 

why a composite can perform poorly in a cradle-to-gate comparison but become favorable when operation 

is included. Scelsi et al. (2011) demonstrated this behavior at component level, while Timmis et al. (2015) 

showed that the same mechanism remains relevant at aircraft and fleet scales. Atescan-Yuksek et al. (2024) 

also reported a break-even behavior between aluminum and the CFRP configurations examined in their 

study. The precise threshold should not be generalized, because it depends on manufacturing burden, 

structural weight saving, aircraft efficiency, utilization and service life. 

Aircraft-level modeling reinforces this point. Hellmann et al. (2025) evaluated airframe configurations with 

different CFRP contents rather than assigning a fixed mass reduction to an isolated component. Their 

approach highlights an important limitation of simplified substitution studies: changing structural material 

can affect the aircraft as a system. The environmental value of lightweighting therefore depends on the 

conditions under which the lighter structure is produced and used. The structure must maintain the required 

performance and durability long enough for operational savings to compensate for its production and end-

of-life burdens. 

3. Life-Cycle Assessment of Aerospace Composite Structures 

3.1. Scope and System Boundaries 

ISO 14040 defines the principles and framework of life-cycle assessment, while ISO 14044 specifies the 

requirements and guidelines for its application (International Organization for Standardization [ISO], 2006a, 

2006b). For aerospace composites, however, the most consequential decisions often concern what is being 

compared and where the system boundary is drawn. 

A cradle-to-gate study is appropriate when the purpose is to identify manufacturing hotspots. Witik et al. 

(2012), for example, compared alternative production routes for composite aircraft components without 

introducing assumptions about decades of aircraft operation. Wu et al. (2023) similarly used the manufacture 

of one ATR 72 door as their functional unit. 
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If lightweighting is part of the claim, the use phase must also be represented. A study cannot demonstrate 

operational environmental savings if aircraft operation lies outside its boundary. End-of-life treatment 

introduces further choices concerning recycling credits, material quality and the fate of recovered fibers. 

Comparative aerospace LCAs should clearly report the life-cycle stages included, the structural function 

represented, the assumed service life and the treatment of recovered materials. 

3.2. Functional Unit and Structural Equivalence 

The functional unit should reflect the purpose of the assessment. A mass-based unit such as 1 kg CFRP or 

aluminum is useful for raw-material comparison but does not represent an aircraft structure. Component-

level units—one panel, door or structural member—are more meaningful if the alternatives provide 

comparable performance. Even then, equivalence may depend on assumptions. In the aircraft-door study of 

Wu et al. (2023), the metallic and composite doors were treated as functionally equivalent and assumed to 

have the same service life, although the authors acknowledged uncertainty regarding the composite design. 

For structural material selection, comparisons based on equivalent engineering performance—such as 

equivalent stiffness, strength, buckling resistance or durability—are more defensible than simple mass-

based comparisons. Complete equivalence is difficult because metallic and composite structures fail 

differently, but explicitly stating the design requirement is preferable to comparing equal masses without 

regard to function. 

The same caution applies to the lightweighting result reported by Kaya and Çevik (2023). Their calculated 

mass reduction can inform an LCA, but an environmental comparison would still require assumptions about 

structural equivalence, service life, manufacturing and end-of-life treatment. The main functional-unit 

choices relevant to aerospace composite LCA, and the limitations associated with each level of comparison, 

are summarized in Table 1. 

 

Table 1. Functional-unit choices in life-cycle assessment of aerospace composite structures 

Assessment level 
Example functional 

basis 
Suitable use Main limitation 

Material 1 kg CFRP, carbon fiber 

or aluminum 
Raw-material and 

production hotspot 

comparison 

Does not represent 

equivalent structural 

performance 

Laminate/ panel 1 m² of panel or laminate Manufacturing-route 

comparison when 

geometry and function 

are comparable 

Equal area does not 

necessarily imply equal 

stiffness, strength or 

service life 

Component One aircraft door, panel 

or structural part 
Product-level 

material/process 

comparison 

Functional equivalence 

may still rely on design 

assumptions 

Structural performance Structure satisfying a 

prescribed stiffness, 

strength, stability or 

durability requirement 

Comparative aerospace 

material selection 
Requires detailed 

structural design and 

validated performance 

data 

Aircraft/mission Defined aircraft or 

transport service over a 

specified mission or 

lifetime 

Full-system 

lightweighting 

assessment 

Strongly dependent on 

mission, utilization and 

operational assumptions 
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3.3. Recycling Allocation and Material Quality 

End-of-life modeling is particularly challenging for thermoset CFRP because recycling rarely returns the 

original composite in an equivalent form. Recovered fibers may differ in length, surface condition and 

mechanical properties, while the matrix may be degraded or lost. Hermansson et al. (2022) examined this 

issue by treating fiber and matrix as separate material flows in recycling allocation. Their approach allows 

differences in recovery rate and material quality to be represented more explicitly. Tapper et al. (2020) 

likewise showed that LCA results for CFRP recycling are sensitive to inventory data and methodological 

assumptions. Recovery, recycling, reuse and closed-loop substitution represent distinct material outcomes. 

Recovering carbon fiber does not itself establish closed-loop circularity; the environmental benefit depends 

on what material the recovered fiber can realistically replace. 

3.4. Data Quality and Uncertainty 

Composite LCA is sensitive to electricity mix, manufacturing yield, aircraft utilization, service life and 

recycling assumptions (Wu et al., 2023; Tapper et al., 2020; Gouveia et al., 2022). Additional uncertainty 

arises because aerospace production data are often proprietary and laboratory-scale studies may not 

represent mature industrial production (Wu et al., 2023; Gouveia et al., 2022). Structural assumptions are 

equally important. Predicted mass savings depend on laminate design, geometry, safety factors and 

optimization level, while operational benefits depend on how those savings affect aircraft performance. 

Scenario analysis is therefore particularly useful because many uncertain parameters represent plausible 

alternative systems rather than simple measurement errors. The environmental performance of CFRP 

therefore depends on the material system, manufacturing route, structural design and service scenario 

considered in the assessment. 

4. Environmental Burdens of Materials and Manufacturing 

4.1. Carbon-Fiber Production 

Carbon-fiber production is one of the main upstream hotspots in aerospace CFRP. For commonly used 

PAN-based fibers, precursor manufacture is followed by energy-intensive stabilization and carbonization 

steps. Prenzel et al. (2024) examined 24 production scenarios and reported climate-change impacts ranging 

from 13.0 to 34.1 kg CO₂-eq per kilogram of carbon fiber. In their global reference modeling, carbon-fiber 

manufacturing energy accounted for 59% of the climate-change impact. The spread among scenarios is 

more informative than any single number because it shows the influence of electricity supply and process 

efficiency. 

Earlier work by Das (2011) had already identified the high energy demand of carbon-fiber production as a 

major contributor to CFRP life-cycle impacts. Numerical values from older inventories should nevertheless 

be used carefully because production technology and energy systems continue to change. 

4.2. Material Use and Manufacturing Yield 

Composite manufacture includes more than fiber and resin. Prepregging, cutting, lay-up, vacuum 

consumables, curing, trimming and rejected material all contribute to the inventory. For carbon-fiber 

composites, manufacturing scrap is particularly important because a high upstream burden has already been 

invested in the material before waste is generated. Witik et al. (2012) showed that material production, 

particularly carbon fiber, was a major contributor to the environmental burden of the aircraft components 

they assessed. Manufacturing sustainability should therefore not be reduced to curing energy alone. Material 

utilization and part yield can be equally important. Structural design also affects the manufacturing 

inventory. Wu et al. (2023) found that their initial composite aircraft-door design did not realize the mass 

advantage normally associated with CFRP because of its structural configuration and conservative design 

assumptions. Improved lightweighting reduced material demand and changed the environmental result. 
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4.3. Autoclave and Alternative Processing 

Autoclave processing remains important in aerospace manufacturing because it provides controlled 

pressure, temperature and vacuum conditions. Its energy demand has encouraged interest in out-of-

autoclave prepregs, resin infusion, hot pressing and alternative curing technologies. These routes should 

not, however, be placed in a universal environmental hierarchy. Witik et al. (2012) found that some 

alternative processes reduced energy use or cost, while others gained little advantage because of longer 

cycles or additional operations. Gouveia et al. (2022) reached an equally instructive result in a laboratory-

scale aeronautical sandwich-panel study: within their specific system, autoclave processing performed better 

than the hot-press alternative in the combined environmental and process assessment. The appropriate 

conclusion is therefore not that one process is inherently more sustainable. Energy use, cycle time, 

equipment utilization, consumables, yield and final part quality determine the outcome. A low-energy 

process that produces greater porosity, higher rejection rates or shorter component life may not provide a 

lower life-cycle burden. 

4.4. Electricity Mix and Production Scale 

Electricity supply can strongly influence both carbon-fiber production and component curing, as 

demonstrated by the scenario differences reported by Prenzel et al. (2024). Production scale also matters 

because laboratory and prototype manufacturing often use equipment below full capacity, whereas industrial 

production can distribute some fixed process burdens over a larger output. Laboratory data remain valuable 

because they provide transparent foreground inventories, but their transfer to industrial aerospace 

production requires caution. Manufacturing yield, batch utilization and quality-control requirements should 

therefore be considered whenever process-level LCA results are interpreted. These results point to a coupled 

design problem: material selection, structural design and production route all contribute to the 

environmental burden of the final component. 

5. Use-Phase Benefits and Service-Life Extension 

5.1. Operational Benefits of Structural Lightweighting 

The main life-cycle advantage expected from lightweight aircraft structures occurs during operation. Unlike 

manufacturing impacts, which are largely incurred before entry into service, the effect of structural mass 

recurs throughout the aircraft lifetime. Even a modest reduction in component mass can therefore 

accumulate into a substantial operational benefit over repeated flights. 

This behavior was demonstrated by Scelsi et al. (2011), who found that the higher initial burdens of 

lightweight composite structures could be compensated by cumulative fuel and emission savings during use. 

Timmis et al. (2015) extended the analysis to aircraft and fleet scales and likewise reported lower lifetime 

impacts for the composite-intensive aircraft considered, despite its higher manufacturing burden. Their fleet-

level benefit was smaller than the reduction calculated for an individual aircraft because fleet penetration 

and traffic growth influenced the system-level result. 

The same mechanism appears in more recent studies, although the magnitude of the benefit varies with the 

assumptions used. Atescan-Yuksek et al. (2024) identified a break-even behavior between aluminum and 

CFRP alternatives, whereas Hellmann et al. (2025) showed that changing CFRP content at airframe level 

can influence both aircraft mass and the resulting environmental performance. What changes from one study 

to another is not the underlying mechanism, but the magnitude of the benefit and the point at which it 

becomes relevant over the life cycle. 

Representative studies illustrating the different scales at which aerospace composite sustainability has been 

assessed are summarized in Table 2. 
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Table 2. Representative life-cycle studies relevant to composite structures in aviation 

Study 
Assessment 

level 
Main focus Principal contribution Important limitation 

Scelsi et al. 

(2011) 

Material/ 

component 

Aluminum, 

GLARE and 

CFRP 

Demonstrated cumulative 

use-phase savings from 

lightweight structures 

Results depend on long-

term operational 

assumptions 

Timmis et al. 

(2015) 

Aircraft/ 

fleet 

Composite-

intensive aircraft 

introduction 

Connected material 

substitution with aircraft- 

and fleet-level emissions 

Fleet results depend on 

penetration and demand 

scenarios 

Atescan-

Yuksek et al. 

(2024) 

Structural/ 

manufacturi

ng 

Aluminum versus 

CFRP 

alternatives 

Demonstrated life-cycle 

break-even behavior 

Break-even distance is 

scenario-specific 

Hellmann et 

al. (2025) 

Aircraft Different 

airframe CFRP 

contents 

 

Linked material selection 

to preliminary aircraft 

design and life-cycle 

impacts 

Results remain dependent 

on aircraft and mission 

assumptions 

Wu et al. 

(2023) 

Component Aluminum and 

composite 

aircraft door 

Combined LCA, LCC 

and lightweight-design 

scenarios 

Functional equivalence and 

service life contain 

assumptions 

Gouveia et al. 

(2022) 

Manufactur-

ing process 

 

Aeronautical 

composite 

sandwich panel 

 

Linked environmental 

and process efficiency 

using foreground data 

Laboratory-scale 

production limits direct 

industrial extrapolation 

Monteiro et al. 

(2026) 

Maintenance

/ repair 

Scarf repair 

versus panel 

replacement 

Quantified repair as a 

service-life-extension 

strategy 

Outcome depends strongly 

on damaged-to-total panel 

area 

 

The studies in Table 2 also show that the apparent benefit of CFRP changes with the scale of analysis. A 

material-level result cannot be transferred directly to an aircraft, just as the environmental performance of 

one lightweight component does not by itself establish the response of an entire fleet. 

5.2. Damage, Durability and Maintenance 

Weight reduction provides little life-cycle benefit if the resulting structure cannot maintain its required 

performance over the intended service period. Composite aircraft structures may experience impact damage, 

environmental degradation, delamination and adhesive deterioration, making inspection and maintenance 

part of their life-cycle performance. This issue is particularly important for bonded repairs. Budhe et al. 

(2018) reviewed aerospace composite repair with emphasis on environmental durability and identified 

moisture and temperature as major factors affecting composite laminates, adhesives and bonded joints. Their 

review also emphasized that the response depends on the adhesive system, composite material, curing 

conditions and exposure history; there is no single degradation trend that can be transferred to all bonded 

repairs. 

Durability determines how long the environmental burden invested in fiber production and component 

manufacture continues to provide useful structural service. Premature replacement shortens the period over 

which operational lightweighting benefits can accumulate and introduces additional material and 

manufacturing burdens. Service life should therefore be treated as a design variable in comparative LCA 

rather than assumed to be identical without justification. 



72 

 

5.3. Repair as a Life-Cycle Strategy 

Repair offers a different route to reducing life-cycle burdens. Instead of recovering material after a 

component has been removed from service, repair attempts to preserve the material and structural value 

already embedded in the aircraft. When technically feasible, this may avoid production and replacement of 

a substantially larger component. 

Monteiro et al. (2026) examined this question directly for an aeronautical composite panel by comparing 

local scarf repair with complete panel replacement. Using one square meter of intact panel area as the 

functional unit, the repair scenario produced 6% lower environmental impact and was 29% more eco-

efficient than replacement under the conditions analyzed. The study also showed that the damaged-to-total 

panel area ratio was important: as panel size increased while the damaged area remained fixed, the relative 

attractiveness of local repair increased. 

These results should not be interpreted as evidence that repair is always environmentally preferable. Repair 

requires inspection, material removal, replacement plies or patches, adhesives, curing energy and quality 

assurance, and the repaired structure must satisfy the required mechanical performance. For extensive 

damage, replacement may remain the appropriate technical option. More broadly, the study shows that 

repairability can be treated as a measurable life-cycle design variable. Repair therefore deserves to be 

considered alongside manufacturing, operation and end-of-life management. For an aircraft composite 

structure, retaining a safe component in service through a reliable local repair may preserve more value than 

recovering its fibers after premature disposal. Design for lightweighting, design for durability and design 

for repair should therefore be considered together rather than as independent objectives. 

The next stage of the life cycle begins when repair is no longer practical or the aircraft reaches retirement. 

At that point, the environmental outcome depends increasingly on how the composite is dismantled, 

recovered and returned—or not returned—to productive use. 

6. End-of-Life Management and Circularity 

6.1. End-of-Life Challenge of Aerospace CFRP 

The durability that makes thermoset CFRP attractive in service also complicates its treatment at end of life. 

Once the matrix has been cross-linked, the composite cannot be remelted in the same manner as a 

conventional thermoplastic. Aircraft retirement and manufacturing scrap therefore create a material stream 

in which valuable carbon fibers are embedded in a matrix that must either be fragmented, removed or 

chemically transformed before further use. CFRP recycling technologies are generally grouped into 

mechanical, thermal and chemical routes (Pimento & Pinho, 2011; Oliveux et al., 2015). Mechanical 

recycling reduces composite waste to shorter fibrous or particulate fractions and is comparatively simple, 

but the original fiber architecture is lost. Thermal processes such as pyrolysis remove the polymer matrix 

and recover carbon fibers, whereas chemical routes use solvents or reactive media to separate or transform 

matrix constituents. Each route produces a different recyclate, and these differences are more important than 

the simple distinction between “recycled” and “not recycled”. Pimenta and Pinho (2011) emphasized that 

the structural value of recycled CFRP depends strongly on fiber reclamation and subsequent 

remanufacturing. Oliveux et al. (2015) similarly showed that recovered fibers can exhibit different lengths, 

surface conditions and reinforcement characteristics according to the recycling method. The technical 

challenge is therefore not only to recover carbon fiber, but to preserve enough of its useful properties to 

enable a valuable second application. 

6.2. Environmental Benefit Depends on Substitution 

Recycling does not automatically produce an environmental credit. Witik et al. (2013) compared pyrolysis, 

incineration with energy recovery and landfill for CFRP waste and demonstrated that the benefit of recycling 

was strongly influenced by the recovery process and, importantly, by the material displaced by the recycled 

fiber in its next application. Their analysis used equivalent structural stiffness to account for differences 
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between virgin and recovered materials. Meng et al. (2018) reached a related conclusion when comparing 

pyrolysis, fluidized-bed and chemical recycling with conventional waste-management options. Recycling 

scenarios were generally favorable in terms of primary energy demand and global warming potential, but 

the relative ranking of recycling technologies changed according to the assumed displacement of virgin 

carbon fiber. 

The substitution assumption is therefore critical. A kilogram of recovered carbon fiber does not necessarily 

replace a kilogram of virgin aerospace-grade carbon fiber. If the recyclate has lower mechanical 

performance or cannot be processed into equivalent fiber architectures, a larger amount may be required, or 

the material may move into a less demanding application. The environmental benefit should therefore be 

related to the function that the recovered material actually performs. End-of-life assessment should 

distinguish between material recovery and functional value recovery. The first describes the quantity of 

material diverted from disposal; the second reflects how much technical utility is retained after recycling. 

6.3. Closed-Loop and Aviation-to-Aviation Reuse 

A strict closed-loop system would return material from an aircraft composite into an equivalent aerospace 

application. In practice, this is difficult because continuous fibers and carefully controlled laminate 

architectures are often converted into shorter or less ordered recyclates. Nevertheless, secondary aviation 

applications can provide a meaningful route for recovered fibers. Meng et al. (2020) examined recycled 

carbon fiber from aviation waste for use in aircraft interior components as a replacement for virgin glass-

fiber composites. Their analysis maintained equivalent stiffness by adjusting component mass according to 

material properties. Across the manufacturing routes considered, recycled-carbon-fiber composites 

produced environmental reductions of approximately 4–31% and cost reductions of 5–31% relative to the 

virgin glass-fiber alternatives. 

More importantly, the study demonstrates a practical route for keeping recovered carbon fiber within 

aviation applications. Carbon fiber originating from high-performance aircraft structures did not need to 

return to the same primary structural function to retain value within aviation. A lower-demand interior 

application could provide a technically realistic second use while avoiding production of another 

reinforcement material. This pathway is better described as aviation-to-aviation circularity than as full 

restoration of the original CFRP. The fiber remains within the aerospace material system, but its structural 

role changes. 

6.4. Chemical Recycling and Material Redesign 

Chemical recycling offers another route because it can potentially recover both fiber and useful matrix-

derived products. La Rosa et al. (2021) assessed a chemical recycling route for a recyclable thermoset 

composite and examined subsequent manufacture of a carbon-fiber thermoplastic composite using 

recovered short fibers and an epoxy-derived thermoplastic phase. An important aspect of that study was the 

revision of an earlier, less realistic assumption that long recovered fibers would be immediately available 

for reuse. The later analysis instead considered shredding before chemical treatment and subsequent 

remanufacture of short-fiber thermoplastic composites. The example also shows why recycling scenarios 

need to be consistent with the material form that the selected process can actually deliver. 

Circularity can be improved not only by developing better recycling processes for existing composites, but 

also by designing resin systems and product architectures that make future recovery easier. For aerospace 

applications, however, recyclability cannot replace structural requirements. Any new matrix or recycling-

compatible composite must still satisfy demanding requirements for mechanical performance, durability, 

thermal stability, fire behavior, processing consistency and certification. Circularity is therefore best treated 

as an additional design constraint rather than as a reason to compromise the primary engineering function. 
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6.5. From Recycling Efficiency to Retained Value 

The end-of-life performance of aerospace composites is most usefully judged by how much material and 

functional value remains after service. Landfill retains almost none of that value. Energy recovery retains 

energy but not reinforcement value. Recycling can preserve part of the carbon fiber value, although the 

extent depends on fiber quality and the next application. Repair and reuse, discussed in Section 5, may 

preserve even more value because the original component or structure remains in service. 

For the purposes of the present discussion, a qualitative value-retention hierarchy can be expressed as: 

Continued use and repair → component or material reuse → high-value recycling  

→ lower-value recycling → energy recovery → disposal 

The exact ranking can vary with the product and process, but the principle is important for aerospace 

composites: the highest-value strategy is generally the one that preserves the greatest amount of technically 

useful material with the least additional processing. 

 

7. Emerging Routes toward More Sustainable Aerospace Composites 

7.1. Thermoplastic Composite Systems 

Thermoplastic composites are receiving increasing attention in aerospace because they offer manufacturing 

and end-of-life options that differ from conventional thermoset systems. Unlike cross-linked thermosets, 

thermoplastic matrices can be softened by heating, which enables processes such as press consolidation, 

thermoforming and welding and can simplify some routes for remanufacturing or recycling. Ozturk et al. 

(2024) reviewed recent aerospace developments in thermoplastic composites and identified stamp forming, 

press consolidation, automated fiber placement and welding among the areas receiving substantial research 

and industrial attention. Shorter processing cycles and the possibility of joining without conventional 

adhesive bonding are attractive for higher-rate aircraft production. These advantages should not be 

interpreted as evidence that thermoplastics necessarily have a lower life-cycle impact. High-performance 

aerospace thermoplastics often require elevated processing temperatures, and the environmental outcome 

depends on resin production, reinforcement type, processing energy, scrap generation and actual recovery 

at end of life. Their sustainability must therefore be assessed at component level rather than inferred from 

recyclability alone. 

7.2. Recycled-Carbon-Fiber Composites 

Recycled carbon fiber offers a second route by reducing demand for virgin reinforcement while retaining 

part of the mechanical value originally created during carbon-fiber production. As discussed in Section 6, 

the environmental benefit depends strongly on fiber quality and the application in which the recyclate is 

used. The aviation-to-aviation study of Meng et al. (2020) provides a useful example. Recovered carbon 

fibers were considered for aircraft interior applications in place of virgin glass-fiber composites, with 

component mass adjusted to maintain equivalent stiffness. This type of secondary application may be more 

realistic in the near term than attempting to reproduce continuous-fiber primary structures directly from 

recycled material. The design challenge is therefore to match recovered fiber quality with an appropriate 

structural function. Recycled carbon fiber should not be regarded simply as a lower-impact substitute for 

virgin aerospace-grade CFRP; its value depends on retaining sufficient performance to displace another 

material effectively. 

7.3. Bio-Based Matrices and Natural Fibers 

Renewable feedstocks offer another possible route to reducing dependence on fossil-derived composite 

constituents. Dyer and Kumru (2023) reviewed approaches for improving the sustainability of aerospace 

polymer composites through changes in feedstock, processing chemistry and recycling. These developments 
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are relevant to future matrix systems, but renewable origin alone does not establish lower life-cycle impact 

or aerospace suitability. Natural-fiber composites illustrate this point particularly well. Bachmann et al. 

(2017) identified potential applications of natural fibers and bio-based resins primarily in aircraft interiors 

and secondary structures, where mechanical requirements can be less severe than in primary load-bearing 

components. Their broader adoption remains constrained by issues including mechanical performance and 

flammability. 

Gomez-Campos et al. (2021) examined this trade-off directly through an LCA of a flax-based aircraft 

interior panel. Although the bio-based material route provided advantages in parts of the production system, 

the prototype panel was heavier than the conventional alternative. The study reported that the conventional 

panel ultimately performed about 14% better in the overall comparison, illustrating how a mass penalty can 

offset benefits gained from lower-impact material production. For aviation, a lower production impact at 

the material level does not necessarily translate into a lower-impact component once structural mass is 

considered. 

7.4. Designing Sustainability into the Structure 

Emerging materials will have limited effect if sustainability is considered only after the laminate and 

manufacturing route have already been fixed. A more effective approach is to introduce life-cycle 

considerations during structural design. For aerospace composites, this can include reducing material scrap, 

selecting processing routes consistent with production volume, designing joints that permit repair or 

disassembly, avoiding unnecessary laminate thickness and identifying realistic second-life applications for 

recovered materials. Dyer and Kumru (2023) similarly frame future aerospace polymer development around 

the combined roles of feedstock, processing and recycling rather than a single material substitution. 

These strategies act at different stages of the life cycle: lightweighting can reduce the operational burden, 

repair can extend component life, and recycling can retain part of the value embedded in carbon fibers. No 

single constituent is likely to determine the life-cycle performance of an aerospace composite on its own. 

Favorable life-cycle performance is more likely to result from a structure designed from the outset to 

perform efficiently, remain in service for as long as technically justified and retain useful material value 

when that service ends. 

These principles also apply beyond aviation, but the life-cycle context changes substantially once the 

structure is launched into space. Satellite and launch systems therefore require a separate sustainability 

framework, which is considered in the following section. 

8. Composite Structures in Satellite and Space Systems: Sustainability and 

Life-Cycle Perspectives 

8.1. Lightweight Composite Structures Beyond Aviation 

Composite lightweighting remains important once a structure leaves the aviation environment, but its life-

cycle meaning changes. In aircraft, mass reduction can generate repeated fuel savings over thousands of 

flights. For satellites and launch systems, the benefit is instead associated primarily with launch mass, 

payload capability and the design of the transportation system required to place the spacecraft in its intended 

orbit. CFRP is used in space structures because its low density and high stiffness support mass-efficient 

structural design. Stergiou et al. (2022) examined CFRP specifically in the context of space vehicles and 

the Vega launcher and emphasized the potential benefit of replacing heavier metallic components when 

reduced mass lowers propulsion requirements. Their LCA also considered alternative end-of-life scenarios 

for CFRP, demonstrating that the same production and recycling questions encountered in aviation remain 

relevant to space hardware. 

This differs from aviation because the benefit does not accumulate through repeated fuel savings during 

normal operation. Once a satellite has reached orbit, structural mass does not create a recurring fuel penalty 

equivalent to carrying mass through repeated atmospheric flights. The mass-related environmental benefit 
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is concentrated more strongly in mission architecture and launch. Aviation and space systems therefore 

require different interpretations of the same lightweighting principle. The principal differences are 

summarized in Table 3. 

 

Table 3. Life-cycle implications of composite lightweighting in aviation and satellite/space systems 

Life-cycle aspect Aviation Satellite/space systems 

Main value of 

lightweighting 

Repeated reduction in 

operational fuel demand 

Reduced launch mass and influence on 

payload/mission architecture 

Use phase 
Repeated flight cycles over a 

long service life 
Mission-specific orbital or space operation 

Maintenance and repair 

Inspection and ground-based 

repair can extend component 

life 

Post-launch physical intervention is generally 

much more constrained 

Conventional end of life 

Aircraft recovery, dismantling 

and material treatment are 

possible 

Depends on mission: re-entry, disposal orbit 

or continued orbital residence 

Circularity opportunity 
Repair, component reuse and 

material recycling 

Mainly pre-launch manufacturing loops; post-

mission material recovery is presently limited 

Additional 

sustainability concern 
Production–operation trade-off 

Launch emissions, atmospheric re-entry and 

use of the orbital environment 

 

8.2. Why Space Systems Require a Different LCA Boundary 

Applying conventional LCA to space missions is not straightforward. Maury et al. (2020) reviewed 

environmental LCA practice in the space sector and found substantial heterogeneity in goal and scope 

definitions, reflecting the unusual combination of spacecraft production, launch infrastructure, propulsion, 

ground activities and orbital operation. The space sector also uses specialized materials and processes for 

which conventional LCA databases may provide limited representation. This has encouraged the 

development of space-specific approaches. Wilson and Vasile (2023), for example, integrated life-cycle 

engineering into concurrent mission design and applied it to three SmallSat missions. Their work showed 

that environmental, economic and social indicators can be introduced during early spacecraft design rather 

than assessed only after the mission architecture has been fixed. 

For composite structures, this is particularly relevant because structural mass interacts with other system 

choices. Reducing the mass of a satellite panel or launcher component may influence propulsion 

requirements or available payload, but the environmental consequence depends on the mission and launch 

architecture. The functional unit for a space composite should therefore be connected to mission function 

rather than based solely on kilograms of material. 

8.3. Launch and Atmospheric Effects 

The launch phase introduces environmental mechanisms that have no direct equivalent in conventional 

aviation LCA. Rocket emissions are released across different atmospheric layers, and their climatic effect 

can depend on altitude as well as propellant chemistry. Dominguez Calabuig et al. (2024) examined reusable 

launch-vehicle fleets using a space-specific LCA framework that included high-altitude emissions. Their 

results showed that climate-impact estimates were highly sensitive to the treatment of rocket exhaust and 

that propellant choice substantially affected the comparison among the launcher concepts studied. This 
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reinforces an important boundary condition for composite lightweighting: a reduction in spacecraft or 

launcher structural mass cannot be translated into an environmental benefit without considering the launch 

system in which that mass reduction occurs. 

8.4. End of Mission, Orbital Debris and Design for Demise 

End of life is where the difference between aircraft and spacecraft becomes most pronounced. An aircraft 

can normally be dismantled after service and its materials directed toward reuse, recycling or disposal. A 

satellite may instead remain in orbit, move to a disposal orbit or re-enter the atmosphere. Conventional 

terrestrial LCA therefore does not fully represent the consequences of the space-system end-of-mission 

phase (Maury et al., 2019; Maury et al., 2020). Maury et al. (2019) addressed this problem by proposing a 

methodology for including orbital-resource use and space-debris effects in life-cycle assessment. Their 

approach considered both exposure to debris in a given orbit and the potential severity of creating additional 

debris following spacecraft break-up. Application to alternative post-mission disposal scenarios showed the 

possibility of burden shifting between terrestrial environmental impacts and protection of the orbital 

environment. 

Composite material selection can also influence re-entry behavior. Design for Demise (D4D) attempts to 

ensure that spacecraft components break up and degrade sufficiently during atmospheric re-entry to reduce 

the risk posed by surviving fragments. Recent work by Chen et al. (2026) investigated the thermal 

degradation and pyrolysis behavior of CFRP specifically for satellite D4D applications. Their modeling and 

experiments showed that CFRP mass-loss behavior depends on coupled thermal and material processes and 

on specimen thickness, illustrating that demisability must be engineered rather than assumed from the 

presence of a polymer matrix. This introduces a trade-off that is specific to space hardware. A material 

selected for high stiffness and long-term dimensional stability during the mission must also be considered 

in terms of its behavior after the mission ends. For some spacecraft, the desirable end-of-life response may 

therefore be controlled degradation rather than material recovery. 

8.5. Implications for Sustainable Space-Composite Design 

The life-cycle logic developed for aircraft composites remains useful in space systems, but the priority of 

each stage changes. Manufacturing efficiency and carbon-fiber production remain relevant in both sectors. 

In aviation, service-life extension and operational fuel savings can dominate the sustainability argument. 

For satellites, launch architecture, orbital occupation and end-of-mission behavior become comparatively 

more important. Sustainable space-composite design should therefore link structural optimization with 

mission-level assessment from the beginning. A lighter component is beneficial only to the extent that it 

improves the overall mission system, just as a recyclable material is useful only when a realistic recovery 

pathway exists. Accordingly, composite selection in space systems should be assessed against mission-level 

mass, launch and end-of-mission consequences. 

9. Future Research Perspectives 

Despite the growing literature on aerospace composite sustainability, several methodological gaps still limit 

comparison among materials, manufacturing routes and life-cycle strategies. 

9.1. Linking Structural Optimization and LCA 

A recurring limitation is the separation of structural design from environmental assessment. Many LCA 

studies begin with an assumed component mass or weight-saving factor, whereas structural studies often 

end once mechanical performance has been demonstrated. The studies of Wu et al. (2023) and Hellmann et 

al. (2025) show the value of connecting these stages more closely. Future assessments should increasingly 

derive material quantities and mass savings from structurally credible designs rather than from generic 

substitution ratios. This is particularly important when comparing metals and composites because equal 

geometry, equal mass and equal structural performance are not interchangeable conditions. Functional 
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equivalence should therefore be demonstrated through appropriate mechanical criteria and carried explicitly 

into the LCA model. 

9.2. Manufacturing Data and Service-Life Uncertainty 

Reliable foreground data remain another constraint. Carbon-fiber production, prepreg manufacture and 

aerospace processing can vary substantially with electricity supply, production scale and technological route 

(Witik et al., 2012; Prenzel et al., 2024; Gouveia et al., 2022). Greater use of industrial primary data would 

improve confidence in comparative assessments, particularly for newer thermoplastic and recycling-

compatible material systems. Service life is similarly important but often simplified. Composite structures 

may require inspection, local repair or replacement depending on damage severity and environment. The 

repair analysis of Monteiro et al. (2026) demonstrates that maintenance decisions can measurably alter life-

cycle performance, yet repair is still absent from many aerospace composite LCAs. Future models should 

treat damage probability, repairability and component life as part of the environmental system rather than 

assuming an identical lifetime for competing structures. 

9.3. Recycling Quality and Circularity 

End-of-life assessments need stronger links between recovered material quality and realistic second-life 

applications. Recycling rates alone provide limited information if fiber length, architecture or surface 

condition prevent high-value reuse. The allocation issues identified by Hermansson et al. (2022) and Tapper 

et al. (2020) reinforce the need to distinguish material recovery from functional substitution. Recycling 

pathways would be more credible if the intended secondary application were identified at the modeling 

stage. The aviation-to-aviation scenario of Meng et al. (2020) illustrates how recovered carbon fiber can 

retain value within the sector without necessarily returning to its original primary structural role. Future 

circularity studies should therefore report not only how much material is recovered, but what it replaces and 

whether the resulting component satisfies an equivalent engineering function. 

9.4. Extending LCA to Space Systems 

Space systems introduce additional methodological challenges. Conventional terrestrial LCA does not fully 

capture orbital occupation, debris generation or some high-altitude launch emissions (Maury et al., 2019; 

Dominguez Calabuig et al., 2024; Maury et al., 2020). These effects become especially relevant when 

composite lightweighting is evaluated at mission level. Future space-composite assessments should 

therefore integrate material production and structural optimization with launch architecture, mission 

duration and end-of-mission strategy. Design for Demise also introduces a new material-selection problem: 

a spacecraft component must remain mechanically and dimensionally stable during operation while 

exhibiting acceptable behavior during atmospheric re-entry (Chen et al., 2026). Across both aviation and 

space applications, the main research need is therefore greater integration. Structural mechanics, 

manufacturing, durability, maintenance and end-of-life treatment should be evaluated as parts of the same 

engineered life cycle rather than as independent optimization problems. 

10. Conclusion 

The evidence reviewed in this chapter does not support a simple environmental ranking of composites and 

conventional aerospace materials. CFRP production can carry substantial upstream burdens, and 

manufacturing efficiency depends on material utilization, processing energy, production scale and part 

quality. These initial impacts may be recovered during aircraft operation, but the outcome depends on the 

actual mass reduction, mission profile and service life. A life-cycle perspective also changes the role of 

durability and repair. Keeping a sound composite component in service can preserve both structural and 

environmental value, while end-of-life recycling is most beneficial when recovered fibers retain sufficient 

quality to replace useful virgin materials. Thermoplastic, recycled-carbon-fiber and bio-based systems offer 

promising routes, but none should be considered inherently sustainable without accounting for structural 

performance and realistic processing conditions. 
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For satellite and space systems, the same principles apply within a different life-cycle framework. 

Lightweighting influences launch and mission architecture rather than recurring aircraft fuel use, while 

orbital debris, re-entry and end-of-mission management introduce effects that conventional aviation LCA 

does not encounter. Taken over the full life cycle, no single material or processing choice determines 

whether an aerospace composite is environmentally preferable. The outcome depends on how structural 

efficiency, manufacturing, service life, repair and end-of-life management interact in the particular 

application. Future assessments would therefore benefit from closer coupling between environmental 

models and the actual mechanical function and service history of the structure. 
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Abstract 

Different methods for the identification of foodborne microorganisms are comparatively evaluated. 

Microorganisms are microscopic living organisms that are too small to be observed with the naked eye 

and can exist either as individual cells or in colonies. The identification and characterization of bacterial 

species constitute an important area of research, not only for understanding their roles in ecosystems but 

also for revealing their potential applications in various industrial fields, particularly biotechnology. In 

the food industry, microorganisms are of considerable importance due to their involvement in food 

spoilage and their potential to pose risks to food safety. Effective detection and identification of 

foodborne microorganisms depend on appropriate sampling strategies, which vary according to the 

characteristics of the food matrix, the target microbial group, and the analytical method employed. 

Conventional methods for bacterial identification are primarily based on the evaluation of phenotypic 

characteristics. Gram staining, microscopic cell morphology, colony morphology, and growth 

characteristics on selective or differential culture media represent the initial stages of bacterial 

identification. In addition, rapid biochemical tests such as catalase, coagulase, oxidase, indole, and 

pyrrolidonyl arylamidase tests enable the preliminary identification of certain bacterial pathogens within 

a short period of time. For example, Escherichia coli can be identified based on characteristic features 

such as its Gram-negative cell wall structure, indole positivity, and oxidase negativity. While phenotypic 

characteristics are generally sufficient for classification at the genus level, accurate species-level 

identification often requires additional biochemical and confirmatory analyses. To address these 

limitations, multiplex biochemical testing systems, such as the Analytical Profile Index (API), have been 

developed, providing faster, more standardized, and more reliable identification compared with 

conventional approaches. In recent years, in addition to culture-based methods, immunological assays 

and nucleic acid-based molecular techniques have become widely used for the detection and 

identification of foodborne pathogens. Polymerase Chain Reaction (PCR) and Next-Generation 

Sequencing (NGS) technologies enable the rapid and accurate identification of microorganisms owing 

to their high sensitivity and specificity. Furthermore, bacteriophage-based approaches, which are among 
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the culture-independent detection methods, have been reported to offer shorter analysis times, high 

sensitivity, and potential cost advantages compared with conventional culture techniques. 

Keywords: Bacterial identification; Biochemical methods; Identification methods; Molecular and 

genomic techniques; Rapid detection methods 

 

1. Introduction 

Microorganisms play a critical role in food production processes and are determining factors in terms 

of both safety and spoilage. Their interaction with food may render a product unsuitable for human 

consumption (Saucier, 2016). Accurate identification and systematic classification of microorganisms 

are possible through the selection of appropriate techniques and an understanding of their mechanisms 

of action. Microbial identification constitutes an integral component of taxonomy. The hierarchical 

classification, ranging from the kingdom level to the strain level, demonstrates that the systematics and 

identification of microorganisms are closely interconnected. Research on microbial identification has 

evolved through strategies aimed at reducing the time required for routine diagnostics. Today, for a 

method to be considered successful, results are generally expected to be obtained within 24 hours, while 

even shorter turnaround times are critically important in emergency situations. The methods used in this 

field are generally classified as direct and indirect techniques (Franco-Duarte et al., 2019). 

The metabolic activity of a bacterium may either lead to food spoilage or be considered beneficial in 

processing, depending on the desirability of the resulting changes. Bacteria of interest in food 

microbiology are classified as agents of infection, causes of foodborne intoxication, spoilage 

microorganisms, and processing aids (Gill, 2017). 

 

2. Traditional Methods 

Isolation and culturing, used to determine the phenotypic characteristics of microorganisms, form the 

basis of traditional methods. These methods are generally based on chemical reactions. A commonly 

used approach involves monitoring microbial growth, observed by the increase in turbidity of the culture 

medium (Franco-Duarte et al., 2019). In these traditional methods, which provide the formation of 

visible colonies, the colonies can then be subjected to various analyses. These methods yield more 

successful results when the growth requirements of the target microorganisms are known and 

appropriate culture media are selected. Although they are low-cost and provide both qualitative and 

quantitative information, they are laborious and time-consuming due to stages such as medium 

preparation, dilution, plating, incubation, and characterization. Results are obtained after days, and false 

positives can occur when similar species are involved. They are also insufficient in identifying cells that 

cannot be cultured (Franco-Duarte et al., 2019). Because many microorganisms cannot grow in culture 

media during fermentation processes, it is not possible to fully understand the dynamics of microbial 

ecosystems using culture-based methods alone (Aktepe & Çakır, 2023). Therefore, colony 

characteristics can be supported by advanced analyses such as Gram staining, biochemical tests, matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), and PCR 

sequencing (Aladhadh, 2023). Nevertheless, classical molecular methods still provide important 

information in the identification and characterization of microorganisms (Aktepe & Çakır, 2023). 

2.1. Sampling and Preparation 

In food microbiology, prior to analyses such as conventional microbiological culturing, basic sample 

preparation procedures, including homogenization and dilution, are performed to make the sample 

suitable for analysis. Initially, solid food samples are transferred into a liquid phase and homogenized 

to ensure an even distribution of microorganisms and facilitate their transfer to culture media. 

Subsequently, serial dilution may be applied depending on the sample type and the analytical method 

used. This step enables the controlled reduction of high microbial loads and promotes the formation of 

distinguishable and countable colonies on culture media following inoculation. Serial dilutions are 
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generally performed in tenfold increments, allowing for the reliable assessment of microorganisms 

present in food samples. bels, or data points remain effortlessly legible. 

Cultural enrichment is applied to resuscitate and proliferate low levels of pathogenic microorganisms 

present in food and environmental samples. Enrichment processes are crucial for increasing the 

detection sensitivity of microorganisms, especially when they are present in low concentrations (Wang 

& Salazar, 2016). Microbial culture media provide the nutrients necessary for the growth of bacterial 

populations present within sample matrices. For the detection of foodborne pathogens, cultural 

enrichment traditionally consists of two stages: primary enrichment using a non-selective medium, 

followed by secondary enrichment using a selective medium (Dwivedi et al., 2014). Cultural enrichment 

plays a crucial role in highly sensitive bacterial detection by increasing the concentration of the 

analytical target and ensuring its homogeneous distribution within the suspension. This approach 

reduces the probabilistic nature of pathogen detection and facilitates subsequent sample processing. 

However, a major limitation of this method is that the minimum time required for analysis is largely 

determined by the duration of the enrichment step itself (Gill, 2017). 

2.2.  Phenotypic Methods 

Phenotypic methods may not always provide accurate and sufficient identification of microorganisms 

at the species or strain level. Although this classification has long been used as the sole approach, it has 

led to uncertainties and difficulties in the analysis process. To shorten identification time, molecular 

biology methods have been developed and supported by various molecular fingerprinting applications. 

Initial phenotypic characterization typically begins with Gram staining and includes basic analyses such 

as catalase and oxidase tests. Carbohydrate metabolism is evaluated through acid production and end 

products (CO2, acetate, lactate), while enzyme tests (glucuronidase, glucosidase, galactosidase, 

fructosidase) are continued. At a more advanced level, tests for indole and H2S production, gelatine and 

casein digestion, and amino acid metabolism (e.g., lysine, ornithine, arginine decarboxylation, arginine 

dihydrolase, phenylalanine deaminase, urease) are used. In addition, lipid metabolism tests (lipase and 

lecithinase on egg yolk agar, Tween digestion) and cell wall receptor-based assays (optokine, lysozyme 

sensitivity, bile solubility) are commonly used in the differentiation of Gram-positive cocci (Franco-

Duarte et al., 2019). 

2.3. Classical Biochemical Tests 

Bacteria essentially exist in two different cell types. The Gram staining method used to identify them is 

based on differences in cell wall structure and chemical composition. In the staining process, bacteria 

that retain crystal violet stain appear purple and are identified as Gram-positive, while bacteria that retain 

safranin appear red and are identified as Gram-negative (Beveridge, 2001). However, differences in cell 

structures are not sufficient for definitive identification at the species level. Various biochemical tests 

allow for differentiation between species by evaluating the specific metabolic activities of bacteria, such 

as enzyme activity, carbohydrate fermentation, amino acid decarboxylation, and gas production 

(Tankeshwar, 2026). Some commonly used classical biochemical tests and their descriptions are given 

in Table 1. Until the late 1960s, biochemical tests were performed manually in separate tubes, but the 

development of miniaturized identification systems has brought about a significant transformation in 

laboratory practices. Multiple biochemical test kits, such as the Analytical Profile Index (API) system, 

are among the first commercial systems that allow for rapid and standardized bacterial identification 

(Arbefeville et al., 2024). A typical model is the API (bioMérieux, Craponne, France), where standard 

methods are integrated into miniaturized reaction pairs, scored as "positive" and "negative," and finally 

mapped to a scoring system based on "best fit." For many years, researchers used the API 20Eassay 

device, which consists of a plastic piece containing 20 wells and pH-based substrates (Franco-Duarte et 

al., 2019). 
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Table 1. Biochemical tests and their descriptions 

Test Name Purpose / Explanation 

Catalase Test Breaks down hydrogen peroxide into water and oxygen. 

Coagulase Test Indicates the plasma's clotting ability. Bacteria produce the coagulase enzyme, 

which causes blood plasma to clot, resulting in a positive (+) reaction. 

Oxidase Test Indicates the presence of the cytochrome oxidase enzyme. 

Indole Test Shows the breakdown of tryptophan into indole. E. coli usually gives a positive 

(+) result. 

Sulfur Test Determines H₂S production. Species such as Salmonella give positive (+) results. 

Urease Test Converts urea to ammonia. Proteus species usually give a positive (+) test result. 

Triple Sugar Iron 

(TSI) Test 

Simultaneously demonstrates the fermentation of glucose, lactose, and sucrose, as 

well as the production of H₂S. 

Nitrate Test Tests the reduction of nitrate to nitrite. Some bacteria give a positive (+) result. 

Starch Hydrolysis 

Test 

Indicates the presence of the amylase enzyme. Bacteria that can break down 

starch give a positive (+) test result. 

Carbohydrate 

Fermentation Test 

Demonstrates the ability to ferment certain sugars. Acid and gas formation occurs. 

Methyl Red (MR) 

Test 

Identifies the bacteria that carry out mixed acid fermentation. E. coli usually gives 

a positive (+) result. 

Voges–Proskauer 

(VP) Test 

Indicates acetoin production. Enterobacter and Klebsiella usually give a positive 

(+) result. 

Citrate Utilization 

Test 

Identifies bacteria that can utilize citrate as a carbon source. 

Bile Esculin Agar 

Test 

Demonstrates the ability to hydrolyze esculin. Enterococcus usually gives a 

positive (+) test result. 

API Provides rapid and comprehensive identification through the combination of 

various biochemical tests. 

 

2.4. Identification Methods Using Chromogenic Media 

In culture-based methods, the primary goal in identifying microorganisms is to obtain pure cultures. 

Pure cultures containing a single type of microorganism can be obtained by methods different from 

enrichment cultures. However, culture-based identification alone is incomplete; because disruptions in 

the enrichment process can constitute a significant limitation in culture-based biodiversity studies 

(Franco-Duarte et al., 2019). Although traditional biochemical tests are widely used in the identification 

of microorganisms, they lead to high labor costs and excessive consumption of reagents and culture 

media. In contrast, miniaturized biochemical methods make the process more practical by using dried 

reagents or chromogenic media (Aras, 2011). Chromogenic methods work by utilizing the specific 

enzymatic activity of microorganisms (Torlak, 2011). Small amounts of samples are cultured in suitable 

liquid or agar media. Although these substrates are initially colorless or do not exhibit fluorescent 

properties, they undergo hydrolysis and structural changes under the influence of enzymes specific to 

the bacteria being studied. As a result of this process, colored or fluorescent markers are released, and 

the presence of bacteria in the sample can be determined phenotypically. This approach allows for the 

visual monitoring of phenotypic identifications performed using chromogenic substrates in culture 

media. A schematic representation of the substrate-based identification process is presented in Figure 1 

(Váradi et al., 2017). 
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Figure 1. Schematic representation of phenotypic bacterial identification using chromogenic substrates 

in culture medium (Váradi et al., 2017) 

 

3. Transition from Classical to Modern Methods 

The phenotypic characteristics of microorganisms vary depending on their growth conditions. Heat, pH, 

nutrient requirements, oxidation-reduction potential, environmental and chemical stresses, and toxins 

are examples of these conditions. In contrast, the genotypic characteristics of bacteria and cells are quite 

stable; the natural mutation rate in bacterial cultures is approximately one in a hundred million. Recent 

developments have enabled the use of genetic tests in diagnostic microbiology as both identification and 

confirmatory tests (Aras, 2011). 

 

 

Figure 2. Comparison of culture-independent detection methods with traditional culture-based detection 

methods, including pretreatment techniques such as centrifugation, filtration, and immunomagnetic 

separation (IMS) (Wang & Salazar, 2016). 
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Characterization of bacterial isolates is critically important for identification, establishing relationships 

between isolates, and understanding phenotypic behavior. Although cultural and molecular methods 

have long been used for this purpose, genomic analyses are increasingly gaining prominence today. 

Genomic approaches offer a significant advantage in the identification and subtyping of isolates but 

have more limited reliability in predicting phenotype (Gill, 2017). 

While steps such as pre-enrichment and selective enrichment are commonly applied in classical culture-

based methods, the long analysis time has increased interest in faster pre-processing techniques. In this 

context, physical separation methods, including centrifugation, filtration, and immunomagnetic 

separation, are widely used to concentrate target microorganisms, especially in culture-independent 

detection approaches (Figure 2). 

For the most accurate identification, classification, and systematics of microorganisms, it is extremely 

important to select appropriate techniques and thoroughly understand their mechanisms of action (Table 

2). 

 

Table 2. Chromogenic media, microscopy, biochemical and molecular techniques used in 

microorganism identification. (Franco-Duarte et al., 2019) 

Chromogenic Culture Media Biochemical Techniques Molecular Techniques 

Traditional 

Culture 

media 

Traditional methods 

PCR 

Real-time qPCR 

RAPD-PCR 

RFLP 

PFGE 

Ribotyping 

WGS 

MALDI-TOF MS 

Culture medium 

Wickernham card 

API 

BBL Crystal 

Vitek 

Biolog System – Omnilog 

Mass Spectrometry 

GC 

LC 

MALDI-TOF 

Spectrometry 

FTIR 

Raman Spectroscopy 

Electrokinetic separation 

Others 

 

4. Modern Methods 

4.1. Culture-Independent Approaches and Molecular Transformation 

Culture-independent methods enable the identification of specific microorganisms in mixed microbial 

populations. They are also effective in identifying microorganisms that cannot be cultured or are in a 

viable but nonculturable state. In this context, microscopic techniques are among the powerful tools for 

identifying these organisms through the visualization of characteristic structures. Various modern 

identification methods and identifications of some foodborne microorganisms, bacteria, viruses, and 

fungal species are given in Table 3. The use of genetics as a tool in bacterial identification was a 

significant turning point with the development of PCR in 1985. Following this development, DNA 

sequencing, 16S rRNA sequencing, hybridization, and other culture-dependent and culture-independent 
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approaches began to be applied. Thus, speed, accuracy, and specificity in bacterial identification have 

increased significantly (Franco-Duarte et al., 2019). 

 

Table 3. Methods for detecting foodborne pathogens (Aladhadh, 2023) 

Detection 

Approach 
Typical Methods 

Target 

Microorganisms 
Basic Principle 

Culture-Based 

Methods 

Conventional culturing, 

selective and differential 

media 

Bacteria, fungi, 

viruses 

Growth of target microorganisms 

on suitable culture media under 

controlled conditions 

Immunological 

Methods 

ELISA, Lateral Flow 

Devices (LFD) 

Bacteria, fungi, 

viruses 

Detection based on antigen–

antibody interactions 

DNA-Based 

Molecular 

Methods 

Conventional PCR, 

Nested PCR, Multiplex 

PCR, Touchdown PCR 

Bacteria, fungi, 

viruses 

Amplification of specific DNA 

regions using target-specific 

primers 

Viability 

Molecular 

Methods 

Viability PCR (vPCR), 

Viability qPCR 

(vqPCR) 

Mainly bacteria Selective detection of viable cells 

by suppressing amplification of 

DNA from dead cells 

RNA-Based 

Molecular 

Methods 

RT-PCR, RT-qPCR Bacteria, fungi, 

viruses 

Detection and quantification of 

RNA transcripts associated with 

viable microorganisms 

 

4.2. Molecular Methods 

Previously, the identification and characterization of bacterial species were largely carried out using 

phenotypic and biochemical methods based on pre-isolation and culture. While these methods retain 

their place in certain environments, molecular-based techniques have provided unprecedented 

information in bacterial identification and typing (Franco-Duarte et al., 2019). Different approaches are 

used in the detection and identification of foodborne pathogens. These methods include culture-based 

techniques, immunological assays, and nucleic acid-based methods (e.g., PCR and NGS) (Aladhadh, 

2023). 

4.2.1. Genomic Methods 

Genomic technologies are considered attractive in terms of culture-independent identification because 

they allow the parallel detection of multiple genes or transcription products. Franco-Duarte et al. (2019) 

state that, in principle, the complete genome of multiple target organisms can be validated in complex 

DNA mixtures with whole genome sequencing (WGS) when sufficiently long reads are used. However, 

researchers emphasize that these rapidly advancing technologies are still insufficient to overcome two 

fundamental limitations: achieving high sensitivity and reliably determining viability. 

4.2.2. PCR and its Variants 

PCR is one of the oldest and most widely used molecular methods for identifying microorganisms. In 

this method, a specific genomic region that is conserved among organisms but may differ at the species 

or strain level is amplified by PCR, and the resulting sequences are compared with reference databases 

for identification. While the 16S rRNA gene is most frequently targeted in the analysis of bacterial 

communities, the 18S rRNA gene and internally transcribed intermediate (ITS) sequences are commonly 

used in the profiling of eukaryotic microorganisms (National Academies of Sciences, Engineering, and 

Medicine, 2018). Rapid and highly sensitive molecular techniques based on nucleic acid amplification, 

including PCR and its derivatives such as Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 

and Quantitative PCR (qPCR), are widely used for the detection of pathogenic microorganisms. 

Amplification of genetic material using primers specific to the target microorganism yields results in a 
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shorter time compared to classical culture methods. PCR-based methods offer advantages such as high 

sensitivity, specificity, reproducibility, and versatility. However, classical DNA-based PCR methods do 

not always demonstrate the viability of the microorganism (Aladhadh, 2023). 

4.2.3. Real-Time PCR (qPCR) 

qPCR enables the quantitative determination of the target pathogen load through fluorescent probes or 

dyes. This method plays a significant role in the rapid assessment of contamination levels, especially in 

food samples (Aladhadh, 2023). Due to its high sensitivity and specificity, qPCR is widely used in the 

detection of pathogens such as viruses, bacteria, and some fungal species. Especially in the diagnosis of 

infectious diseases, qPCR has become one of the routinely preferred molecular methods in clinical 

laboratories thanks to its ability to provide rapid and reliable results (Günel & Aydınlı, 2009). 

4.2.4. Next Generation Sequencing and Whole Genome Sequencing 

NGS technologies have brought about a significant transformation in the field of transcriptomics and 

have enabled the comprehensive examination of the transcriptome, which includes all RNA molecules 

expressed in an organism or a specific cell population. Offering high-throughput and relatively cost-

effective analysis capabilities, NGS platforms are widely used in the profiling and analysis of RNA 

molecules and contribute to the detailed evaluation of gene expression (Satam et al., 2023). 

NGS technologies, when used in conjunction with bioinformatics tools, are utilized not only in 

transcriptome analyses but also in WGS applications, which allow for the examination of the entire 

genome of a single isolate, and in metagenomic studies, which enable the evaluation of microbial 

communities in complex samples. These methods provide high-resolution data, allowing for more 

comprehensive characterization of microorganisms, particularly in epidemic tracking, phylogenetic 

analysis, and food safety applications (Aladhadh, 2023). 

4.3. Mass Spectrometry-Based Methods 

Mass spectrometry-based methods have gained significant importance in modern microbiology. These 

techniques stand out with advantages such as rapid results, low analysis time, coverage of a wide range 

of microorganisms, and the ability to generate molecular fingerprints (Franco-Duarte et al., 2019). 

Separation-based mass spectrometry (MS) techniques combine the advantages of chromatographic 

separation with mass analysis. In these methods, sample components are first separated in a 

chromatographic system to reduce sample complexity and then analyzed using MS. Different 

distributions between mobile and stationary phases, depending on the solubility, polarity, and volatility 

properties of the substances, enable efficient separation of analytes. Furthermore, the evaluation of 

characteristic patterns of parent and daughter ions with advanced MS detectors increases the specificity 

of the analysis while maintaining high sensitivity (Kiseleva et al., 2022). 

4.3.1. Gas Chromatography-Mass Spectrometry (GC-MS) 

GC-MS is an analytical technique in which compounds are separated according to their volatility 

properties, and the gas phase is used as the mobile phase. Due to its high separation capacity, sensitivity, 

and selectivity, it is widely preferred in metabolomic studies. Furthermore, its ability to provide 

reproducible molecular fragmentation patterns contributes to the reliable identification of metabolites. 

However, GC-MS applications are generally limited to volatile compounds or compounds that can be 

volatilized by derivatization processes, and it yields effective results, especially in the analysis of low 

molecular weight metabolites (Kiseleva et al., 2022). This method is widely used, particularly in the 

analysis of non-polar compounds and lipid-structured molecules and also allows for the classification 

of microorganisms through the evaluation of their lipid profiles. Indeed, Curie point pyrolysis-MS (Py-

GC-MS) has been successfully applied in separating Gram-positive and Gram-negative bacteria and has 

been evaluated as an effective tool in bacterial characterization (Basile et al., 1995). 

4.3.2. LC-MS Liquid Chromatography 

LC-MS is a modern method that offers faster, more sensitive, and comprehensive identification by 

analyzing the chemical and metabolic components of microorganisms in detail. It provides high 

sensitivity, especially in metabolomic evaluations (Franco-Duarte et al., 2019). Liquid chromatography-

mass spectrometry (LC-MS) is a powerful analytical technique that uses liquids as the mobile phase and 
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separates analytes according to their solubility and affinity to the stationary phase. Mass spectrometric 

analysis performed after chromatographic separation allows for the sensitive and selective determination 

of metabolites found in complex biological samples. LC-MS, widely used especially in metabolomics 

studies, is considered a universal platform that allows the analysis of numerous metabolites found in 

biological samples such as plasma and serum (Kiseleva et al., 2022). 

It stands out with its advantages of being able to perform a wider range of compound analyses, requiring 

less sample preparation, being less costly, and providing more sensitive identification compared to GC-

MS (Franco-Duarte et al., 2019). The characteristics of these two techniques are given in Table 4. 

 

Table 4. Main characteristics of GC-MS and LC-MS techniques (Kiseleva et al., 2022) 

Technique Major Strengths Major Limitations 
Major Detectable 

Compounds 

GC-MS Efficient and reproducible 

chromatography separation; 

Comprehensive mass 

spectral libraries 

Labor-intensive, time-

consuming and varying 

sample preparation 

procedure; Complicated 

identification of unknown 

compounds 

Volatile and thermo-stable 

compounds; 

Carbohydrates; Esters; 

Sterols; Steroids; 

Eicosanoids; Fatty acids; 

Amino acids; Organic 

acids 

LC-MS Broad range of compounds 

(including polar, bulky, and 

thermo-labile metabolites) 

can be analyzed without 

derivatization; High 

throughput 

Possibility of ion 

aberrations resulting from 

a sample matrix; Lack of 

spectral libraries for 

identification of 

metabolites 

Nucleotides and 

nucleosides; Lipids; Non-

volatile and thermo-labile 

compounds 

 

4.3.3. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry 

MALDI-TOF MS stands out as one of the fastest and most widely used modern methods for bacterial 

identification today. It is based on the principle of mixing and crystallizing the sample with a matrix, an 

energy-absorbing organic compound. During the analysis, the matrix, excited by a laser beam, causes 

the ionization of analyte molecules, mostly resulting in the formation of single-protonated ions. The 

resulting ions are then separated and analyzed according to their mass-to-charge (m/z) ratios. MALDI-

TOF MS is the most used system in microbiological applications, where m/z ratios are determined by 

measuring the time it takes for ions to traverse the flight tube. In addition, ion mirrors found in some 

TOF analyzers correct for energy differences of ions, increasing measurement accuracy and resolution 

(Singhal et al., 2015). 

In practical applications, ribosomal proteins constitute most bacterial molecules obtained with MALDI-

TOF MS. The characteristic masses of proteins specific to certain microorganisms enable the formation 

of spectra called peptide mass fingerprints (PMFs). An example of PMFs from various species is given 

in Figure 3. These obtained spectra can be compared with existing databases, allowing for the 

identification of microorganisms at the genus and species level through automated software (Váradi et 

al., 2017). Therefore, MALDI-TOF MS is widely used in bacterial identification due to its rapid results, 

high accuracy, and easy integration into routine laboratory practices (Franco-Duarte et al., 2019). It is 

also important for ensuring water and food safety and quality by rapidly identifying pathogenic species. 

It has been shown to be useful for the early detection of bacterial hazards that can contaminate drinking 

water. Donohue et al. (2007) reported that the method is effective in environmental monitoring by 

quickly and accurately identifying Aeromonas species, which are among waterborne pathogens, using 

their m/z signature. 
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Figure 3. Intact cell MALDI-TOF MS spectra of Pseudomonas aeruginosa, Ralstonia pickettii, 

Burkholderia multivorans, Burkholderia cenocepacia, and Burkholderia contaminants 

 

4.4. Spectroscopic Methods 

Liquids, cells, or tissues can be examined to determine metabolic fingerprints, and theoretically, any 

sample can be analyzed using spectroscopy methods. These techniques are of significant value in terms 

of identifying microorganisms (Franco-Duarte et al., 2019). 

4.4.1. Fourier transform infrared spectroscopy (FTIR) 

FTIR is a rapid and low-cost analytical method that provides information about the basic molecular 

structures of microorganisms. Its ability to work with very small sample sizes and its short analysis time 

offer advantages in microbiological applications. FTIR can be used in determining bacterial 

composition, examining cellular components, taxonomic classification, microbial load determination, 

process control, and microbiological quality control studies. However, the performance of the method 

can be affected by the presence of water in the medium, and overlapping may occur in some spectral 

regions. Since FTIR only provides information about chemical bonds, it is not suitable for the direct 

detection of elements or some diatomic molecules. Furthermore, the use of pure culture is necessary to 

obtain reliable results, and factors such as medium composition, incubation time, and incubation 

temperature can cause variations in spectral profiles (Kılıç & Karahan, 2010). Franco-Duarte et al. 

(2019) state that FTIR allows for economical biochemical analysis of cells, tissues, and model organisms 

thanks to its non-invasive nature and ease of application. Furthermore, the advantages of this technique 

include the ability to analyze multiple compounds simultaneously, the absence of cell lysis, the 

avoidance of toxic compounds, and the possibility of real-time process monitoring. 
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4.4.2. Raman  

Raman spectroscopy, a vibrational spectroscopy technique that elucidates the chemical structure of 

molecules, is based on measuring the light beams that are emitted at a specific angle from a sample 

excited by a powerful laser source (visible or near-infrared). While a large portion of the light interacting 

with matter undergoes elastic (Rayleigh) scattering, conserving its energy, the crucial part that provides 

distinctive information about the molecular structure is inelastic (Raman) scattering, characterized by 

the energy transfer of photons. The resulting vibrational spectrum is considered a unique "molecular 

fingerprint" of the molecule in question (Akçe & Kadıoğlu, 2020). Franco-Duarte et al. (2019) 

emphasize that this method provides complementary information to traditional spectroscopic techniques 

and allows for the differentiation of microorganisms based on their biochemical composition. 

Furthermore, it is stated that Raman vibrational spectroscopy is quite useful in identifying subtle 

differences between the same species. 

4.5. Immunological Methods 

Immunological methods are based on antigen-antibody interactions specific to microorganisms. These 

methods utilize polyclonal, monoclonal, or recombinant antibodies to enable rapid and specific detection 

of pathogens. Latex agglutination tests, manual and automated ELISA (Enzyme-Linked Immunosorbent 

Assay) methods, lateral flow immunochromatography (lateral flow immunoassay) methods, and 

immunomagnetic separation (IMS) technology are commonly used immunological methods for 

bacterial identification (Aras, 2011). 

4.6. Advanced Imaging Microscopy Techniques 

The microscope is a fundamental tool in the identification of microorganisms found in natural samples. 

Microscopic images enable the analysis of the shape of biological structures, the tracking of their 

movements, and their classification. Microscope-based observations are still widely used today to 

determine morphological differences. However, identifications made solely through microscopy have 

several limitations: observing small cells is difficult; there are significant size differences among 

prokaryotes; some cells may be missed because they are close to the resolution limit of the optical 

microscope; and the abundance of particulate matter or large cells in natural samples can make 

observation difficult. In addition, separating living cells from dead cells or inert substances is not always 

easy, and microscopy does not reveal phylogenetic diversity. Beyond these limitations, modern 

microscopic methods have been developed that offer powerful tools in the identification of 

microorganisms. These include transmission electron microscopy (TEM), scanning electron microscopy 

(SEM), confocal laser scanning microscopy (CLSM), and atomic force microscopy (AFM/ATM) 

(Franco-Duarte et al., 2019). Modern microscopic techniques are often used in conjunction with 

fluorescent dyes. Since these dyes are specific to nucleic acids, they do not react with inert materials 

and make visualization more specific and easier. Therefore, they are widely applied in the examination 

of microorganisms obtained from complex natural environments such as soil and water samples. 

The methods discussed here, whether traditional culture-based techniques or modern approaches such 

as immunological, molecular, or MS, have their own advantages as well as operational and cost 

limitations (disadvantages). To clarify which method should be preferred in which situations, 

considering parameters such as speed, cost, sensitivity, and laboratory infrastructure, it is necessary to 

evaluate the pros and cons of all these basic microbial detection strategies. A general comparison matrix 

is presented in Table 5. 
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Table 5. Advantages and disadvantages of detection methods (Singhal et al., 2015) 

Detection Method Advantages Disadvantages 

Conventional methods 

(culture-based isolation 

and identification using 

microbiological media and 

biochemical tests) 

• Sensitive 

• Cost-effective 

• Widely accepted as reference methods 

• Labor-intensive and time-

consuming  

• May require 24–48 hours or 

longer to obtain results 

Immunological methods • Faster than conventional methods 

• Capable of detecting contaminated 

organisms and their toxins 

• Less specific, sensitive, and rapid 

than nucleic acid-based methods  

• Require relatively high antigen 

concentrations  

• Available for only a limited 

number of microorganisms 

Molecular methods • Do not necessarily require routine 

culturing of samples 

• Highly specific, sensitive, rapid, and 

accurate 

• Reduce the risk of contamination 

during analysis 

• Enable simultaneous detection of 

multiple pathogens 

• Require high-performance 

thermal cyclers  

• Depend on trained laboratory 

personnel for implementation and 

interpretation 

DNA sequencing • 16S rRNA and 18S rRNA gene 

sequencing are considered gold-

standard approaches for microbial 

identification 

• Capable of identifying fastidious and 

non-culturable microorganisms 

• Require trained personnel and 

advanced bioinformatics/software 

infrastructure  

• Relatively expensive 

• Not always suitable for routine 

clinical or food microbiology 

applications 

MALDI-TOF MS  • Rapid and accurate 

• Lower per-sample cost compared with 

many molecular and immunological 

methods 

• Minimal sample preparation 

requirements 

• High initial instrument acquisition 

cost  

• Database quality and coverage 

may affect identification accuracy 

 

5. Conclusions 

This review examines the evolution of bacterial identification in food microbiology from classical 

methods to modern approaches. In conclusion, bacterial identification methods in food microbiology 

have undergone a significant transformation, moving from classical culture and microscopy-based 

approaches to molecular and genomic technologies. Culture, microscopy, and biochemical tests, widely 

used from the past to the present, maintain their importance due to their ability to isolate live 

microorganisms, their relatively low cost, and their suitability for routine laboratory applications. 

However, these methods have limitations such as being time-consuming, the inability to culture some 

microorganisms, and the susceptibility of phenotypic characteristics to environmental conditions. In 
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contrast, PCR-based methods, real-time PCR, sequencing technologies, and NGS approaches have 

opened a new era in bacterial identification thanks to their high sensitivity and specificity, rapid results, 

and the ability to detect even microorganisms that are difficult to culture. Metagenomic approaches 

contribute to a more comprehensive understanding of the microbial diversity and genetic characteristics 

of pathogens in food samples. 

However, no single method currently in use possesses the ideal characteristics to meet all expectations. 

Each method has its own advantages and limitations, and the selection of the appropriate method should 

be made considering many factors such as the purpose of the analysis, sample type, required sensitivity 

and specificity level, cost, time, and laboratory infrastructure. Therefore, it would be more accurate to 

consider classical and modern methods not as alternatives to each other, but as complementary 

approaches. Supporting culture-based methods with molecular techniques will enable both the 

verification of living agents and the acquisition of more reliable results. 

In the future, further improving detection limits, shortening analysis times, and developing integrated 

systems incorporating different technologies will continue to be among the fundamental goals of food 

microbiology. Genomic technologies and advancements in this field will enable not only a better 

understanding of bacteria but also the tracking of pathogens throughout the food chain, the identification 

of the source of outbreaks, and the more effective management of risks. In conclusion, the correct and 

conscious use of technological advancements in bacterial identification is of great importance in 

preventing foodborne illnesses, detecting outbreaks early, and protecting public health. These 

developments will make significant contributions to the creation of safer food production systems in the 

future and to strengthening food security on a global scale. 
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Abstract 

Color is a key quality attribute that strongly influences consumer perception and acceptance of food 

products. However, natural pigments are highly sensitive to environmental factors such as light, oxygen, 

temperature, and pH, which can cause color degradation during processing and storage. Although 

synthetic colorants have traditionally been preferred for their low cost and high stability, growing health 

and safety concerns have accelerated demand for natural alternatives. Therefore, improving the stability 

of natural colorants has become a major focus of food research. To enhance the stability of pigments 

and expand their applications in food systems, various approaches have been developed, including the 

optimization of processing and storage conditions, the addition of stabilizers, and encapsulation 

technologies. In this context, this study compiles existing strategies aimed at improving the stability of 

natural colorants and expanding their applications. 

Keywords: Natural colorants; Microencapsulation; Color stability 

 

1. Introduction 

The color of a food product has a multifaceted function. It contains many clues about the consumer's 

perception of taste and freshness, influencing their purchasing and consumption decisions (Khandelwal 

et al., 2024; Silva et al., 2025). Therefore, maintaining color stability throughout processing, storage, 

and distribution is essential for ensuring consumer satisfaction and product success in the market. 

Although many food materials have a natural color, significant changes in that color occur due to the 

processing and environmental conditions (light, temperature, oxygen, pH, water activity, etc.) before 

consumption (Molina et al., 2023). The incorporation of various colorants into the food matrix helps 

maintain the visual appeal that may otherwise be lost during processing and storage, enhances sensory 

                                                           
1 https://orcid.org/0000-0002-5260-9630 
2 https://orcid.org/0000-0002-6436-9208 
3 https://orcid.org/0000-0002-1893-1984 
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attributes, and preserves the desired appearance. However, the high cost and relatively low stability of 

natural colorants make synthetic alternatives economically more attractive (Dey & Nagababu, 2022).  

Synthetic colorants have been extensively used for several main reasons, such as compensation of color 

loss, enhancement of natural color, transformation of color in colorless foods, and product identification, 

especially for pharmaceuticals. However, many synthetic pigments have been banned or restricted in 

many countries due to evidence linking them to various diseases from in vivo studies (Mota et al., 2023). 

Numerous studies have shown that artificial colors used for these purposes are directly linked to various 

pathological conditions such as cancer, food allergies, and gastrointestinal and respiratory problems. 

Although a causal relationship cannot be definitively proven, it has been noted that they can lead to an 

increase in behavioral changes and negative neurological consequences in children and as well as 

exacerbate symptoms of attention deficit hyperactivity disorder (ADHD) (de Oliveira et al., 2024; 

Fatima et al., 2025). 

In response to these concerns, there has been a surge of interest in the use of natural colorants derived 

from plant, animal, and mineral sources. This trend is strongly driven by growing demand for clean-

label products, perceived health benefits, and sustainability concerns. Despite their advantages, natural 

colorants are highly sensitive to environmental conditions such as light, oxygen, temperature, and pH, 

which can lead to degradation and loss of color intensity during processing and storage. Consequently, 

ensuring the stability of these pigments has become a major challenge for the food industry. To address 

this issue, various strategies have been developed, including optimization of processing conditions, 

incorporation of stabilizing agents, advanced packaging systems, and encapsulation technologies, all of 

which aim to preserve pigment integrity and enhance their applicability in food systems (Zhang et al., 

2024; Wijesekara & Xu, 2024). 

 

2. Natural Colorants: Classification and Challenges 

Natural colorants could be isolated from mineral ore or from plant/animal sources. Animal-based natural 

colors are generally known as quinonoid, while mineral ore-based colors are inorganic (metallic). 

However, plant-based dyes are very diverse and sustainable, including indigoids, terpenoids, and 

phenolics. Natural food colorants offer several advantages, including low toxicity, biodegradability, 

sustainability, and renewability. In addition to representing a wide spectrum of color classes, they also 

possess functional properties that may contribute to the overall quality and potential health benefits of 

food systems (Jabar, 2023). 

Natural colorants used in food systems are primarily classified into several groups based on different 

characteristics. It is possible to classify them according to their solubility into water-soluble 

(anthocyanin), lipid-soluble (carotenoid), and ethanol-soluble pigments (alcohol-soluble Monascus). In 

another type of classification, color pigments are separated according to their chemical structure into 

subgroups such as carotenoids, iridoids, indoles, and polyphenols. However, several studies about 

natural color pigments focus on four main color groups: anthocyanins, chlorophylls, carotenoids, and 

betalains. This is mainly because these four groups are commonly found in the structure of various fruits 

and vegetables in nature. Anthocyanins are water-soluble flavonoid compounds responsible for red to 

blue hues, whereas betalains provide red and yellow colors and are mainly found in specific plant 

sources. Chlorophylls contribute to green coloration, while carotenoids are lipid-soluble pigments 

associated with yellow, orange, and red tones (Wijesekara & Xu, 2024). 

The application of natural colorants in food systems is limited by their low stability under processing 

and storage conditions. Pigments such as anthocyanins, carotenoids, and chlorophylls are highly 

sensitive to environmental factors, including light, temperature, pH, and oxygen, leading to degradation, 

color loss, and reduced shelf life. At the same time, this instability is also negatively affecting consumer 

acceptance. To address these limitations, various stabilization strategies have been explored, among 

which encapsulation has emerged as a promising approach. By entrapping pigments within suitable wall 

materials, encapsulation enhances their stability, enables controlled release, and improves 

bioavailability, although its effectiveness depends on the physicochemical properties of the pigment and 

the encapsulation system (Molina et al., 2023; Wijesekara & Xu, 2024). 
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3. Strategies to Improve Stability 

There are several promising strategies to improve the stability of natural colorants and some of these 

techniques (with their advantages and disadvantages) are summarized in Table 1. The selection and 

application of the most suitable option among these depends primarily on the structure of the colorant. 

The effectiveness of stabilization strategies largely depends on the physicochemical properties of 

individual pigment classes. Optimal stability conditions of major natural colorants are shown in Table 

2. Environmental control, including optimization of pH and minimization of exposure to heat, light, and 

oxygen, remains fundamental. Although pH optimization is recognized as an effective and safe strategy 

for improving the stability of natural pigments, the development of food systems containing multiple 

natural pigments requires careful formulation and the application of stabilization strategies, such as 

encapsulation or copigmentation, to preserve pigment stability and color quality. Because some color 

pigments remain stable in acidic environments, while others maintain their stability in alcaline 

conditions (Wijesekara & Xu, 2024). Together with the addition of antioxidants have been found useful 

for reducing oxidative degradation, although their effectiveness is highly system dependent. The system-

dependent effectiveness of antioxidants in stability is well documented; while ascorbic acid can 

accelerate degradation of anthocyanins, epicatechin gallate and glutathione have been shown to enhance 

stability. Also, α-Tocopherol shows dual effects both protective and degradative (Xue et al., 2024). 

 

Table 1. Advantages and limitations of stabilization methods used for natural colorants 

Stabilization Method Advantages Limitations References 

Antioxidant addition Reduces oxidative 

degradation 

System-dependent effects Xue et al., 2024 

pH optimization Improves pigment 

stability 

Limited application in 

some foods 

Xue et al., 2024 

Vacuum packaging Reduces oxygen 

exposure 

Additional packaging cost Yildirim et al., 2023 

Spray drying Economical and 

scalable 

Heat-sensitive compounds 

may degrade 

Ribeiro & Veloso, 

2021 

Freeze drying High pigment 

retention 

Expensive and time-

consuming 

Ribeiro & Veloso, 

2021 

Co-pigmentation Enhances color 

intensity 

Stability depends on food 

matrix 

Xue et al., 2024 

 

In addition to formulation and processing approaches, packaging strategies play a crucial role in 

enhancing the stability of natural colorants throughout storage and distribution. Packaging systems 

function as a final protective barrier against external environmental factors such as oxygen, light, and 

moisture, all of which are key drivers of pigment degradation (Zhang et al., 2026).  According to the 

latest findings, the oxygen permeability of packaging materials affects the color stability of foods 

containing natural pigments. Researchers explain that samples stored in materials with higher oxygen 

permeability exhibited greater oxidative degradation, leading to accelerated color fading and a loss of 

natural pigment intensity, while packaging with low oxygen permeability provided better visual quality. 

These findings demonstrate that reducing oxygen exposure through appropriate packaging selection is 

necessary to limit oxidative reactions and preserve the stability of natural color compounds (Jiri et al., 

2025). 
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Table 2. Optimal stability conditions of major natural colorants 

Pigment Class 
Main 

Color 

Optimal 

pH Range 

Temperature 

Stability 

Major Degradation 

Factors 
Reference 

Anthocyanins Red, 

purple, 

blue 

< 4.0 Sensitive above 

60–70°C 

High pH, heat, 

oxygen, light 

Xue et al. (2024);  

Carotenoids Yellow, 

orange, 

red 

Broad pH 

range (3–8) 

Moderate; 

degradation 

accelerates at high 

temperatures 

Oxidation, 

photooxidation, heat 

Wijesekara and 

Xu (2024); Zhang 

et al. (2024) 

Chlorophylls Green 6.0–8.0 Sensitive to 

prolonged heating 

Acidic conditions, 

heat, light 

Wijesekara and 

Xu (2024) 

Betalains Red, 

yellow 

4.0–6.0 Sensitive above 

50–60°C 

Heat, light, oxygen Wijesekara and 

Xu (2024); Zhang 

et al. (2024) 

 

4. Encapsulation Technology for Color Stability 

Encapsulation is a technique developed to enhance the stability of natural colorants, which are prone to 

degradation under environmental stress factors such as oxygen, light, temperature, and pH changes. In 

this technology, color compounds enclosed within a protective matrix form a physical barrier that limits 

exposure to environmental conditions. As a result, pigment loss during processing and storage is 

reduced, and color intensity is preserved (Ijod et al., 2024). There are several advantages for the trend 

toward researching and applying micro/nano encapsulation; some of these advantages are shown in 

Figure 1. This technique also minimizes the effects of processing conditions -such as high temperatures- 

on naturally sensitive color compounds. Encapsulation is a technology based on converting liquid color 

extracts into solid powders and can reduce water activity (which in turn reduces microbial growth and 

lowers storage and transportation costs). In addition to this benefit, it facilitates the easier integration of 

color compounds into foods that would otherwise be incompatible due to pH or solubility conditions 

(Ribeiro & Veloso, 2021). 

Nowadays, many techniques can be used under the headings of physical, chemical, and physicochemical 

methods to produce micro- and nano-scale capsules (Figure 2). Encapsulation approaches based on 

different mechanisms for entrapping and protecting bioactive natural color compounds. Physical 

methods, such as spray drying, freeze drying, and extrusion, primarily rely on mechanical or thermal 

processes to entrap pigments within protective matrices. Physicochemical methods, including 

coacervation, liposomes, and nanoemulsions, combine interfacial phenomena with suitable carrier 

materials to improve pigment stability and dispersibility. Although nanoemulsions are commonly 

produced using physical processes, such as high-pressure homogenization, microfluidization, or 

ultrasonication, they are generally classified as physicochemical methods because their formation and 

long-term stability depend on interfacial phenomena and the action of emulsifying agents.  In contrast, 

chemical methods involve the formation of polymeric shells around the core material through 

polymerization reactions. Among these, interfacial polymerization occurs at the interface of two phases, 

whereas in situ polymerization involves polymer formation directly around the core material within the 

reaction medium. Among the different techniques, the most suitable one is selected depending on the 

nature of the bioactive and carrier components, considering the desired process conditions such as 

temperature, pH, concentration, and drying. Nevertheless, spray drying is the most widely used 

encapsulation technique due to its fast, simple, and relatively cost-effective production. This technique 

involves rapid solvent evaporation, allowing bioactive compounds to be effectively entrapped within 

wall materials such as maltodextrin, gum arabic, or protein-based carriers (McClements, 2012; Premjit 

et al., 2022; Borah et al., 2023; English et al., 2023). 
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Figure 1. Main advantages of encapsulation technology (Ribeiro & Veloso, 2021) 

 

 

Figure 2. Classification of encapsulation techniques (Premjit et al., 2022; Borah et al., 2023). 

 

5. Application in the Food Industry 

The use of natural colorants depends largely on their stability during processing, storage, and 

distribution. Recent studies have shown that encapsulation is an effective method for overcoming the 

low bioavailability and stability issues associated with natural pigments. Across various food categories, 

dairy products, beverages, confectionery (jelly candies, gum), baked goods, meat substitutes, and 

functional foods constitute the primary application areas for natural colorants. With their purple-to-red 
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hues and strong antioxidant capacity, anthocyanins are widely added to beverages, desserts, ice cream, 

and other dairy products (Magalhães et al., 2024). Similarly, carotenoids such as β-carotene and 

lycopene are widely used in fat-containing products, including sauces, dairy products, and baked goods, 

while chlorophyll derivatives are preferred for green coloring in mint-flavored products, beverages, and 

plant-based foods (Jurić et al., 2022; Wijesekara & Xu, 2024). Recent studies on the use of natural 

colorants and various stabilization techniques are summarized in Table 3.  

 

Table 3. Studies about stabilization of natural colorants 

Natural Colorant 
Food 

Product 

Stabilization 

Technique 
Main Findings Reference 

Anthocyanins 

from jabuticaba 

peel 

Yogurt Spray drying with 

maltodextrin 

Improved color stability and 

maintained anthocyanin 

content during refrigerated 

storage 

Machado 

et al., 

2023 

Anthocyanins 

from hibiscus 

Yogurt Freeze drying + 

ionic gelation 

encapsulation 

Encapsulated pigments 

showed lower color variation 

and higher stability under 

storage conditions 

Stella et 

al., 2023 

Anthocyanin 

extracts from red 

cabbage, 

chokeberry, and 

cornelian cherry 

Bread Microencapsulation 

with maltodextrin 

and inulin 

Enhanced antioxidant activity 

and improved anthocyanin 

retention during digestion 

Czubaszek 

et al., 

2023 

Red cabbage 

anthocyanins 

- Encapsulation 

against oxygen and 

sunlight exposure 

Encapsulation significantly 

increased thermal and 

oxidative stability of 

anthocyanins 

Sendri et 

al., 2023 

Curcumin Smart food 

packaging 

films 

Sodium alginate–

egg white protein 

film incorporation 

Improved pH sensitivity and 

enhanced curcumin stability 

in active packaging systems 

Li et al., 

2024 

Natural pigments 

(red beet, paprika 

oleoresin, cacao 

pigments) 

Plant-based 

meat 

analogs 

Pigment 

combination 

optimization 

Improved cooked meat-like 

appearance and color stability 

Ryu et al., 

2023 

Betalain-rich 

beetroot extract 

Betalain 

waste 

extract 

powder 

Freeze-drying 

microencapsulation 

with gum arabic and 

maltodextrin 

Improved stability and 

antioxidant retention of 

betalains 

Mkhari et 

al., 2023 

 

6. Conclusions 

Natural colorants have attracted considerable attention as promising alternatives to synthetic dyes due 

to their safety, sustainability, and additional bioactive properties. However, their widespread application 

in food systems remains challenging because of their susceptibility to environmental factors such as 

light, oxygen, temperature, and pH variations. These conditions can accelerate pigment degradation, 

resulting in color loss, reduced functionality, and limited shelf life. Therefore, improving the stability of 

natural pigments has become a key research priority for both academia and the food industry. Various 

stabilization strategies have been developed to overcome these limitations, including optimization of 

processing and storage conditions, incorporation of stabilizing agents, advanced packaging systems, and 
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encapsulation technologies. However, encapsulation technology (spray drying, freeze drying, gelation, 

etc.) offers significant benefits in the application of these bioactive colorants with potential health 

effects, providing not only color stability but also controlled release and improved bioactivity. Recent 

studies have demonstrated the successful application of stabilized natural colorants in a wide range of 

products, including dairy foods, beverages, confectionery products, bakery goods, plant-based foods, 

and intelligent packaging systems. 
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Abstract 

Weakness of the cervical musculature and the inability to maintain an upright head posture are frequently 

manifested clinical features in various neuromuscular and neurodegenerative disorders, including 

amyotrophic lateral sclerosis (ALS)/motor neuron disease, myopathy, and Parkinson's disease. Patients, 

particularly those with myopathies and ALS, commonly present with involuntary cervical flexion or 

dropped head syndrome (head ptosis) resulting from profound weakness of the neck extensor muscles. 

Failure to sustain a neutral anatomical posture not only engenders social isolation, but also precipitates 

dyspnea, severe mechanical neck pain, and visual field restriction. In cases where the underlying 

aetiology cannot be treated directly, external intervention via customised cervical orthoses is essential 

to stabilise the cervical spine, maintain horizontal gaze, prevent head drop, and alleviate chronic pain, 

thereby significantly enhancing patient quality of life. The biomedical sector offers many alternative 

cervical orthoses with different designs and mechanical properties. In general, some designs cannot 

provide the necessary support because they are too soft, while others significantly restrict mobility due 

to their excessively rigid structure. Since orthosis-prosthesis materials cannot provide the desired 

mechanical performance on their own when used in pure form, composite materials that offer high 

strength, low weight, and appropriate biomechanical properties are preferred today. By evaluating the 

mechanical properties of the material to be used, the appropriate production technique is determined, 

and the design process is shaped accordingly. 

Keywords: Cervical orthosis; Biocomposite materials; Manufacturing techniques; Orthosis design 
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1. Introduction 

Cervical orthoses are typically employed to immobilise the neck in patients after cervical spine surgery, 

preventing secondary injuries by offering support and immobilisation. These orthoses are commercially 

available in modular designs and various sizes, with adjustable components to fit an individual's neck 

height, width, and condition. However, during use—especially after neck injuries or surgery—

discomfort, moisture buildup, and poor ventilation can reduce patients' willingness to wear a cervical 

orthosis (Hsiao et al., 2024). The main goals of using cervical orthoses are to rest and support the neck 

and allow the muscles to relax. They are used as standard treatment in accident and emergency 

departments for initial immobilisation after numerous soft tissue traumas (Beavis, 1989). 

Biocomposites consist of natural fibres embedded in a matrix of biodegradable or non-biodegradable 

polymers. Polymer matrix biocomposites include natural or bio-based polymers like poly(lactic acid) 

(PLA), polyhydroxyalkanoates (PHAs), and polycaprolactone (PCL), as well as synthetic polymers such 

as thermoplastics and thermosets, combined with reinforcements like carbon fibres, glass fibres, or 

natural fibres. Fibres improve strength, help maintain rigidity, and guard against moisture. The aspect 

ratio and fibre size are vital for composite strength. While small particles can be integrated effectively, 

low aspect ratios may cause stress concentrations, which decrease strength compared to pure polymers. 

Higher aspect ratios improve mechanical properties by enabling better load transfer and increasing the 

strength-to-weight ratio. Biocomposites made from biopolymers and natural fibres are preferred for their 

cost-effectiveness, biodegradability, recyclability, and eco-friendly disposal (Pokharel et al., 2022). 

Biocomposites find applications in the automotive, construction, biomedical, and packaging sectors. 

However, their use is generally limited to non-load-bearing and non-structural roles because of their 

mechanical property constraints. In the construction sector, biocomposites need high tensile and 

compressive strength. Natural biocomposites show decent mechanical properties, including stiffness, 

strength, elasticity, and Young's modulus. Their performance largely depends on factors like fibre type, 

orientation, microfibril angle, processing method, physical traits, and the bonding between fibre and 

matrix. The microfibril angle influences fibre stiffness, while natural fibres reinforce the composite and 

enhance these properties. Among all factors, fibre/matrix adhesion is most critical; improved adhesion 

facilitates more effective stress and load transfer between the fibre and matrix (Zwawi, 2021). Matrices 

hold fibres together and transfer applied loads to these fibres. They protect the fibres from mechanical 

damage and environmental influences. Matrices can be made from polymers sourced from renewable 

resources like vegetable oils or starches. Alternatively, synthetic, fossil-derived polymers are now more 

commonly used. These include pure or recycled thermoplastics like polyethylene, polypropylene, 

polystyrene, and polyvinyl chloride, as well as pure thermosets such as unsaturated polyesters, phenol 

formaldehyde, isocyanates, and epoxies (Fowler et al., 2006). Classification of biocomposite materials 

is given in Figure 1. 

 

2. Cervical Orthoses 

2.1. Purposes and Types of Cervical Orthoses 

Cervical orthoses are designed to immobilise and support the neck. They typically wrap around the neck 

with fabric, flexible materials, or rigid plastic. Rigid cervical orthoses are recommended in neck trauma 

cases to reduce neurological disability and maintain spinal stability. Due to potential complications 

associated with rigid cervical orthoses, soft cervical orthoses are offered as an alternative. Rigid cervical 

orthoses provide superior stabilisation in terms of range of motion compared to soft cervical orthoses. 

However, increased orthosis rigidity can reduce user comfort and increase complications, despite more 

effective restriction of movement. This can negatively impact rehabilitation outcomes by reducing 

patient compliance with treatment and the recommended duration of orthosis use (Hsiao et al., 2024). 

Figure 2 illustrates the types of cervical orthoses. 

A soft cervical orthosis is made of foam, fabric covering, and a strap (Barati et al., 2017). Usually, the 

strap is fastened at the back, but it can also be placed at the front based on the user's choice. Patients 

using a soft cervical orthosis might experience warmth and psychological comfort from the fabric 
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covering (Beavis, 1989). Soft cervical orthoses cannot substantially limit cervical spine movement and, 

as a result, do not provide sufficient structural support (Barati et al., 2017). 

 

 
Figure 1. Classification of biocomposites based on matrix and natural fibre 

 

 
Figure 2. Types of cervical orthosis 
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The Philadelphia collar, typically constructed from a stiff plastic plate, restricts a wider range of neck 

movements compared to a soft cervical orthosis (Barati et al., 2017). The collar is vertically reinforced 

from the chin to the manubrium and shaped to cover the area from the outer projection of the occipital 

bone to the top of the scapular spine at the back. It includes a front opening for tracheostomy, so the 

user's chin should be aligned with the centre (Ghorbani et al., 2016). 

Some types of orthotics, such as halo vest orthotics, are used especially for C1 and C2 fractures. While 

these orthotics help stabilise fracture sites, they can cause side effects, including pin loosening, infection 

at the pin sites, penetration into the skull, and aesthetic issues associated with halo vest orthotics. Other 

orthotics, such as Minerva and Aspen orthotics, have been designed and used to address problems 

associated with halo vest orthotics (Karimi et al., 2016). 

2.2. Materials Used in 3D-Printed Cervical Orthoses 

Thermoplastic materials and photosensitive resins are the most widely used in 3D printing. 

Thermoplastics are mainly used in Fused Deposition Modelling (FDM) and Selective Laser Sintering 

(SLS), while photosensitive resins are primarily used in PolyJet technologies (Li et al., 2022). Selecting 

materials for 3D-printed orthoses requires evaluating biocompatibility, mechanical strength, and 

durability. Alternatives to PLA include polyethylene terephthalate glycol, thermoplastic polyurethane 

(TPU), thermoplastic elastomers, and medical-grade resins (Narayan et al., 2025). TPU filament is 

popular for home 3D printing due to its user-friendly nature and wide extrusion temperature range of 

180–210 °C (Mwema et al., 2020). 

PLA has disadvantages like low impact resistance, limited elongation at break, and higher cost compared 

to standard plastics. Nonetheless, blending PLA with other polymers or fillers can mitigate these issues. 

For example, adding natural rubber enhances the durability of PLA-based filaments, making them more 

suitable for 3D printing (Babu et al., 2022). Compared to Acrylonitrile Butadiene Styrene (ABS), PLA 

is harder, melts at a lower temperature, and requires less heat during forming. These characteristics also 

help save energy (Li et al., 2022). 

ABS and Polyamide (PA) are the primary thermoplastics used in 3D-printed rehabilitation orthoses. 

ABS is a non-crystalline thermoplastic known for its high strength, toughness, and ease of processing, 

making it highly common in everyday applications. It is often used in FDM and SLS printing methods. 

PA provides excellent mechanical strength, thermal and corrosion resistance, and good airflow in models 

produced via SLS. It is also the main material for Multi-Jet Fusion (MJF) printing. TPU is a versatile 

material used in FDM, SLS, and MJF 3D printing. It offers superior resistance to abrasion and tearing, 

is recyclable, and naturally decomposes. Orthoses made from TPU and PLA are effective and cost-

efficient (Li et al., 2022). 

2.3.  Cervical Orthosis Design 

Before obtaining the patient's 3D neck anatomy, each camera position needs to be calibrated to a global 

coordinate system (Ambu et al., 2024). A 3D surface scan was captured with the 'Artec EVA' handheld 

scanner and Artec Studio 12 Professional software, which processes 3D surface data, once the patient's 

head was in the correct position (Hale et al., 2020). During the scan, the patient sits comfortably with 

eyes closed and chin tucked in, ensuring the ear canals are directly above the shoulders. The scan area 

includes the upper chest, back, full neck, and part of the head near the neck. A pre-set anatomical neck 

feature template with a maximum two-part matching algorithm is used to align neck features between 

the template and the patient (Serratosa, 2014). A Hungarian algorithm is used to find a perfect matching 

with the least weight after normalising the distances between each pair of features (Jonker & Volgenant, 

1986). These features serve as reference points for determining the two centre lines of the orthosis's 

front and back sections, establishing the anatomical coordinate frame, and ensuring accurate 

circumferential mating/closure between the shells. The orthosis prototype is made by extending the 

surface of the neck model to a designated width and thickness (Hsiao et al., 2024). 

The user imports a 3D scan mesh into the software and positions a basic guide shape, such as a cylinder, 

on the scan. The software projects this guide shape onto the 3D mesh, generating 'rays' that extend 

outward from the guide points along their normal directions. These normals are then flipped and oriented 

toward the scan mesh. When a 'ray' intersects the scan mesh, the point on the mesh is moved to the 
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intersection point. This process produces a mesh suitable for the 3D scan, which can be easily modified. 

The software uses a position-based dynamic solver to find the minimum surface. This solver keeps the 

upper and lower mesh boundaries fixed and iteratively adjusts the other points to minimise edge lengths 

between neighbouring points. The initial projected mesh shifts toward this minimum surface until it 

deviates from the original scan (Hale et al., 2020). 

 

 

Figure 3. Stages of cervical orthosis design 

 

The goal in orthotic design for myopathy-associated joint instability is to achieve a lightweight structure 

that simultaneously meets structural requirements. This is typically accomplished by creating a 

ventilation pattern, preferably using an automated or semi-automated technique, to reduce the risk of 

irritation caused by sweating and moisture buildup associated with orthosis use. Several methods can 

achieve this ventilation pattern. Areas lacking a pattern, which are essential for functional purposes and 

the placement of closure mechanisms, should also be maintained and organised (Ambu et al., 2024). 

Stages of cervical orthosis design are given in Figure 3. 

 

2.4. 3D Scanning Methods 

 Photogrammetric Scanners: Photogrammetry is a 3D scanning approach that uses 

photographs to create detailed three-dimensional models. It involves taking multiple images 

from various angles and combining them to produce an accurate 3D representation. This 

technique is valuable in orthotic design because precise replication of body parts is essential. 

Photogrammetry mitigates problems from patient movement during scanning and does not 

require markers on the patient (Grazioso et al., 2018). 

 Laser Scanners: Laser technology is frequently used to scan shapes and surfaces, efficiently 

collecting anthropometric data and aiding in the development of custom orthotics through 

digital scans. However, its limited range can be a drawback, especially for larger body parts 

such as legs and feet (Silva et al., 2024). 

 Optical Scanners (Photogrammetry): Optical photogrammetric systems rely on ambient 

illumination to capture multi-angle photographic images of the anatomical surface, 

mathematically triangulating these coordinates to form a 3D "point cloud" (Wells, 2019). 

Balancing image acquisition speed with the resolution of optical sensors and electronic 

hardware is essential for generating a high-quality CAD model (Del Corso et al., 2009). These 

systems typically provide a more cost-effective and user-friendly solution compared to active 

3D scanning methods. However, because they do not emit their own structured light sources 

and depend largely on ambient illumination, variations in lighting and surface contrast make 

them more prone to scanning errors and reconstruction artefacts (Silva et al., 2024). 
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 Structured Light Scanners: This technology precisely replicates complex body shapes, 

capturing intricate features, surface textures, and subtle anatomical differences. This precision 

is essential for creating effective and comfortable orthotics. However, a major drawback is that 

patients must remain still during scanning to achieve accurate results (Silva et al., 2024). Since 

structured lighting involves capturing multiple images from various angles in a continuous 

sequence, small movements can lead to inaccuracies in the final model (Shamata & Thompson, 

2018). Another limitation is the lengthy processing time and high computational resource 

requirements (Zhang & Yilmaz, 2016). Though this technology gathers highly detailed data, 

converting it into a usable 3D model can be slow and difficult, particularly for patient groups 

like children or those with specific disabilities (Silva et al., 2024). 

 

3. Conclusion 

Cervical orthoses can help patients perform their daily activities more safely and comfortably by 

maintaining the head in the correct position and stabilising the neck region in conditions such as neck 

muscle weakness, cervical trauma, cervical spine surgery, and neuromuscular diseases. Biocomposite 

materials can combine features such as low weight, mechanical strength, sustainability, biodegradability, 

and rigidity in a single material. Thanks to these features, it is a frequently preferred material for 

producing cervical orthoses. By combining 3D scanning, CAD-based design, and additive 

manufacturing with biocomposite materials, personalised cervical orthoses that adapt to the patient's 

anatomical features can be produced. Personalised design improves the orthosis fit in the neck region, 

and a geometric structure that provides ventilation can help reduce issues such as sweating, moisture 

accumulation, and skin irritation. 
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Abstract 

Composite materials are widely used across various industries today because of key attributes such as 

high strength and rigidity. These materials are an alternative to metals due to their high strength, light 

weight, and versatile design options. Despite these advancements, research on "hybridisation" has 

gained momentum due to strong demand for new, lightweight, and cost-effective materials with 

enhanced strength. Hybrid composites, which include multiple types of fibres in a single structure, have 

become essential for combining desired properties and achieving a better balance. In engineering, a 

sudden external load may lead to unforeseen outcomes. In these situations, the material should respond 

suitably. The way impact loading affects the material varies depending on its use and location. 

Accordingly, the response of the material to impact loading will also differ. Various test methods exist 

to assess impact behaviour. Impact tests gather data on the mechanical properties of materials, 

particularly under conditions prone to brittle fracture, and measure the energy needed for the sample to 

break under dynamic stress (impact resistance). Engineers investigate materials to determine whether 

they undergo ductile or brittle fracture at various temperatures, how much energy they can absorb during 

fracture, and their overall fracture toughness. This study investigates the dynamic behaviour, energy 

absorption properties, and fracture modes of hybrid composite materials under various impact loading 

conditions. It also explores how layer arrangement and fibre combinations influence impact resistance, 

within the context of existing literature. The aim is to develop a framework for selecting and optimising 

materials that balance high strength and lightness for industrial use. 

Keywords: Hybrid composite; Impact behaviour; Charpy impact test; Izod impact test; Low-velocity 

impact test 
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1. Introduction 

Composites offer numerous advantages such as corrosion resistance, versatile design possibilities, 

durability, lightweight nature, and high strength. Composites are now integral to many daily products 

across various sectors, including construction, healthcare, oil and gas transport, sports, aviation, and 

space exploration (Swolfs et al., 2014). 

Hybrid composites are advanced materials formed by combining different fibre types within a single 

polymer matrix. This design provides greater stiffness and strength than single-reinforced polymer 

composites. Usually, in hybrid composites, one fibre—such as glass or Kevlar—tends to have a low 

modulus and is cost-effective, whereas the other fibre—like boron or carbon—exhibits a high modulus 

and is more expensive. Interest in naturally reinforced hybrid polymer composites is growing across 

sectors such as automotive, defence, railways, furniture, and civil engineering. These composites are 

notable for being biodegradable, lightweight, and environmentally safe. The use of natural fibres is 

increasing because of their lower density, superior strength-to-weight ratio, and sound insulation 

qualities compared to synthetic fibres (Huang et al., 2025). 

Impact resistance is defined in three ways: the amount of energy absorbed during a penetrating impact, 

the level of damage after a non-penetrating impact, and the residual properties that remain post-impact. 

In hybrid composites, layer arrangement is closely linked to dispersion and plays a crucial role in 

determining layer positions; both are significant parameters for impact performance. In the most typical 

interlayer configuration, dispersion is fully governed by how the layers are arranged (Swolfs et al., 

2014). A major drawback of natural fibres is their variability in characteristic properties. Assessing the 

impact resistance of natural fibre-reinforced composites remains a key challenge. It has been established 

that the impact properties of natural fibre-reinforced composites are not on par with those of synthetic 

fibre-reinforced composites. Hybridisation, which involves combining different fibre types within the 

matrix, offers high impact energy absorption and improved load-carrying capacity. It is also 

environmentally friendly and helps reduce the vulnerabilities of both natural and synthetic fibres. Impact 

resistance is a crucial mechanical property of lightweight fibre-reinforced polymer composites (FRPs), 

directly influencing their suitability for various engineering applications. However, because fibres are 

inherently brittle, the trade-off between strength and toughness remains one of the main challenges in 

FRP design (Huang et al., 2025). Fibre metal laminates (FMLs) are created by layer-by-layer stacking 

of thin metal alloy sheets bonded with fibre-reinforced composite layers. The excellent fatigue and 

fracture resistance of composites, along with the high toughness, impact resistance, durability, and easy 

assembly of many metal alloys, allow FMLs—currently in high demand—to outperform other materials 

(Sharma & Velmurugan, 2026). 

 

2. Composite Materials 

A composite material consists of two or more distinct materials combined at a macroscale with a minimal 

interface between them. One part is the reinforcement (the reinforcing phase), and the other is the matrix 

phase. The success of combining fibrous reinforcement with matrix materials into a composite mainly 

depends on choosing the right processing method. Many processing methods exist, each with distinct 

features. The capacity to tailor composites for particular applications is a major benefit of this material, 

yet it also presents one of its most complex challenges (Karbhari, 2003). 

2.1. Polymer Composites Reinforced with Natural and Synthetic Fibres 

Generally, synthetic fibre-reinforced polymer composites outperform monolithic polymer materials in 

long-term creep resistance, fatigue life, and adherence to expected product functions. Synthetic fibre-

reinforced polymer composites can also incorporate fillers to form multifunctional materials with 

diverse properties. These synthetic composites can also be improved by enhancing corrosion and 

abrasion resistance, environmental stability, thermal insulation, and conductivity. Recently, synthetic 

fibre-reinforced polymer composites have found widespread use in various structural engineering 

applications. These include reinforcement materials for strengthening walls, fibre-reinforced polymer 
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composite structural systems, reinforcement bars and cables, composite bridge decks, and coils used for 

seismic strengthening of columns (Asyraf et al., 2022; Bank, 2006; Hollaway, 2010). 

Natural fibres are biodegradable, unlike synthetic ones, which do not decompose easily. Advances in 

composite materials are driving the need to use natural fibres to address environmental concerns and 

promote sustainability. These natural fibres offer many benefits, including being cost-effective, 

lightweight, widely available, sustainable, and causing minimal abrasive wear on processing equipment. 

Moreover, natural fibre composites are cost-effective and eco-friendly, making them a popular choice 

across different industries because of their outstanding mechanical properties. Biopolymers, which are 

polymer blends reinforced with natural fibres, create excellent low-density, biocompatible, and 

recyclable composites (Mohanty et al., 2002; Rangappa et al., 2019). 

2.2. Particle-Reinforced Polymer Composites 

Particle-based composites are less effective at enhancing strength than fibre-based composites. Particle-

reinforced composites are used in applications that demand high abrasion resistance, such as road 

surfaces. Adding gravel as a reinforcement filler significantly increases the hardness of cement. Particle-

reinforced composites are beneficial because they are cost-effective and easy to manufacture and shape. 

Concrete exemplifies this well; it is made up of coarse rock or gravel aggregate embedded in a cement 

matrix. Here, the aggregate enhances hardness and strength, while the cement acts as a binder to keep 

the structure intact (Callister Jr, 2000; Fu et al., 2008). 

2.3. Application Areas of Composite Materials 

Advanced composite materials are increasingly used in producing aerospace components, wind turbines, 

and marine equipment due to their superior stiffness-to-weight ratio, strength, corrosion resistance, light 

weight, and improved mechanical properties. Furthermore, significant progress has been made in 

enhancing the efficiency and cost-effectiveness of advanced composites, while also boosting specific 

properties such as strength and modulus. Advanced composites are widely used across various 

industries, such as producing chemical containers, pressure vessels, machine and power transmission 

shafts, and robot arms (Figure 1) (Cong et al., 2011; Mallick, 2007; Rana & Fangueiro, 2016). 

 

 

Figure 1. Application areas of composite materials 

 

2.4. Hybrid Composites 

Hybrid composites reinforced with natural fibres are becoming more popular in automotive, aerospace, 

marine, construction, and consumer goods sectors because of their lightweight, eco-friendly nature, and 

excellent performance (Jawaid & Abdul Khalil, 2011; Sanjay et al., 2016). Hybrid composites integrate 
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two or more reinforcement materials within a single polymer matrix. Even at low glass fibre 

reinforcement rates (petroleum-based synthetic fibres), hybridisation enhances strength, stiffness, 

impact resistance, and thermal stability, all while decreasing weight and cost. These composites are ideal 

for automotive interior panels, instrument panels, construction, sports equipment, packaging, and marine 

uses that demand medium to high performance and sustainability. These composites, formed by blending 

synthetic and natural fibres to enhance mechanical and thermal properties, offer a sustainable, eco-

friendly alternative to conventional materials. In composites, natural fibres are gaining recognition as a 

more cost-effective, lightweight, and environmentally friendly alternative to glass fibres (Dendriyal et 

al., 2026). Two fibres can be combined by stacking layers of each fibre or by mixing and weaving them 

throughout the composite cross-section. The three most common fibre types used in composites are 

carbon, glass, and aramid (such as Kevlar). Over recent decades, experiments have explored hybrid 

types with all possible fibre combinations, such as carbon/glass, carbon/Kevlar, and glass/Kevlar. In this 

case, two or more distinct reinforcement layers are laminated on top of each other. Various other 

procedures are also feasible, including creating intralayer hybrids (combining two fibre types within the 

same layer), randomly mixing fibres, selectively placing specific fibres to enhance strength, and 

developing super hybrids in which each fibre is deliberately oriented (Figure 2) (Santulli, 2019). 

 

 

Figure 2. Types of hybrid composites 

 

3. Impact Characteristics of Hybrid Composites 

The impact performance of hybrid composites has become increasingly important as lightweight, 

damage-tolerant structural materials are in greater demand across the aerospace, automotive, marine, 

and defence sectors. Hybrid composites differ from traditional single-fibre-reinforced composites by 

integrating various reinforcement materials, creating a synergistic balance of stiffness, strength, 

toughness, and energy absorption. Integrating fibres with varying mechanical properties helps disperse 

impact stresses, thereby minimising localised damage and enhancing the overall impact resistance of 

the composite structure (Swolfs et al., 2014). 

3.1. Impact Test Methods 

Impact testing assesses how specific materials like polymers, ceramics, and composites react to sudden 

stress. Impact testing evaluates how engineering materials endure high-speed loads, emphasising 
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toughness, brittleness, notch susceptibility, and impact strength. Quantitatively measuring impact 

characteristics provides significant advantages for product liability and safety. Impact test specimens 

feature various notch configurations, including V-notch, U-notch, and keyhole notch (Saba et al., 2019). 

3.1.1. Charpy Impact Test 

Originally developed for testing metals, the Charpy impact test has also been widely applied in initial 

impact research on FRP composites. It evaluates both the impact energy absorption and distribution, 

along with the fracture pattern. The specimen is a thick beam that may or may not have notches and is 

freely supported at both ends. The testing device primarily includes a recording scale and a pendulum 

hammer. During the impact test, the pendulum hammer is raised to an appropriate height according to 

the kinetic energy shown on the recording scale. It is then released to swing in a circular motion and hit 

the centre of the target specimen. The energy lost from specimen fracture is determined by subtracting 

the final height of the pendulum from its initial height (Wang & Xian, 2023). The Charpy impact test 

setup is shown in Figure 3. 

 

Figure 3. Charpy impact test setup. 

 

3.1.2. Izod Impact Test 

The Izod impact test evaluates the amount of energy needed to break a specimen by striking it with a 

weighted pendulum hammer released from a calibrated height. Typically, 'Izod' refers to impact testing 

on a notched specimen, though unnotched specimens are sometimes tested as well, indicated in the 

technical data sheet as 'unnotched rod' or 'unnotched Izod.' The notch, which must be machined rather 

than moulded, serves as a stress concentrator, prompting the rod to fracture at a designated point. A 

notch of a specified size, as defined in ASTM D-256 and ISO 180:1993 test standards, is machined onto 

one side of the test rod at a designated distance from one end. The notch is positioned in the clamp, and 

a pendulum is released to strike the rod, measuring the energy needed to fracture the specimen. Results 

can be influenced by how securely the specimen is clamped in the holder, as well as by any burrs or 

defects in the injection-moulded specimen (Wagner et al., 2014). The Izod impact test setup is shown in 

Figure 4. 



119 

 

 

Figure 4. Izod impact test setup 

 

3.1.3. Drop Weight Impact Test 

The drop weight test is likely the most common, practical, and economical method among various 

testing options. It offers a qualitative measure of the energy the specimen absorbs, determined by 

counting impacts until a certain damage level is achieved. The impact count varies based on factors such 

as the impactor size, drop height, specimen thickness, and boundary conditions. These machines deliver 

impact forces by repeatedly dropping impactors of different weights from different heights (Murali et 

al., 2024). The drop-weight impact test setup is shown in Figure 5. 

 

 

Figure 5. Drop-weight impact test setup 
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3.2. Studies on the Impact Characteristics of Hybrid Composites 

Various studies have shown that combining carbon and glass fibres increases low-velocity impact 

resistance by delaying destructive damage and reducing interlayer separation damage. Similarly, natural-

synthetic fibre hybrid composites have exhibited superior specific energy absorption compared to 

composites reinforced with only natural fibres, thanks to the complementary mechanical behaviour of 

the component reinforcements (Jawaid & Abdul Khalil, 2011). 

In one study, a glass/hemp hybrid composite material with higher impact resistance and toughness was 

obtained by reinforcing the outer surface of a hemp fibre-reinforced composite with 11% by volume of 

glass fibre, exhibiting excellent stiffness and flexural strength (Shahzad, 2011). 

The impact behaviour of hybrid composites is generally evaluated using parameters such as peak impact 

force, absorbed energy, penetration threshold, damage area, and residual mechanical properties. Among 

these parameters, absorbed energy and post-impact compressive strength are considered key indicators 

of structural integrity and damage tolerance. Recent research shows that properly designed hybrid 

architectures can significantly improve post-impact performance by reducing damage accumulation and 

preserving load-transfer capacity within the composite laminate (Fiore et al., 2015). 

In another study, adding 8.6% by weight of glass fibre to a hybrid composite material containing sisal 

fibre and pineapple leaf fibre improved the impact strength and toughness of the composite material by 

87% (Mishra et al., 2003). 

Tensile, bending, and impact analyses were performed on hybrid composite materials prepared using 

banana, sisal, and glass fibres. The impact strength was found to be 7.6 and 8.4 J for banana and sisal 

composites, 7.4 J for the (Banana + Sisal) hybrid composite, and 13.3 J for the (Banana + Sisal + Glass) 

hybrid composite. In conclusion, hybridisation increases the strength of the biocomposite 

(Arthanarieswaran et al., 2014). 

Short banana fibres (B) and woven coconut sheath (C) fibres were placed in a polyester matrix in specific 

weight percentages and layer arrangements, and tensile, bending, and impact tests were performed. The 

best results in tensile, bending, and impact strength values were obtained in samples where banana fibre 

was present at 66% by weight, and the fibres were arranged in CCB and BBC layer arrangements 

(Senthil Kumar et al., 2016). 

In another study, the mechanical properties such as tensile, bending, and impact strength were analysed 

on a layered hybrid biocomposite material with natural sisal and banana fibres and a 

sisal/banana/banana/sisal layer arrangement. In order to make a comparison, the mechanical properties 

of sisal/epoxy and banana/epoxy composites were also included to determine which composite had the 

highest mechanical strength. It was observed that the composite with the highest mechanical strength 

was the sisal/epoxy composite, and its tensile, bending, and impact strengths were measured as 24.5 

MPa, 80.45 MPa, and 1.76 J, respectively (Siva et al., 2021).  

Another study examined the impact of low-speed impacts on fibre-reinforced polymer composites, 

detailing the factors influencing these properties. The findings are summarised as follows: 

 Thermoplastic resins demonstrate excellent impact resistance, damage tolerance, and 

outperform thermoset resins. 

 Few studies exist on thermoplastic resins in 3D composites, mainly due to poor interface 

strength and manufacturing challenges. 

 The damage area grows with higher impact energy, which also significantly affects absorbed 

energy and peak force. 

 Thin-layer composites can absorb more impact energy than thick-layer ones. The matrix type 

greatly influences damage resistance and energy absorption. Additionally, fibre orientation and 

the number of fibre layers impact absorbed energy, which increases notably with higher fibre 

volume fractions (Pai et al., 2021). 
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In the study conducted by Guida et al. (2019), an experimental-numerical study aimed to determine the 

mechanical properties of a composite laminate consisting of thermoplastic resin reinforced with layers 

of carbon sheets and a fabric combined with a shape memory alloy. To evaluate the effect of the hybrid 

fabric on impact behaviour, experimental impact tests were performed on both carbon fibre reinforced 

polymer (CFRP) composites and hybrid samples. Low-speed impact tests revealed that samples 

containing hybrid layers had a higher energy absorption capacity during impact. These tests 

demonstrated that both material systems absorbed different energy levels, amounting to 12.28 J and 

18.42 J, during low-velocity impacts. However, the delamination area of CFRP samples is much larger 

compared to hybrid samples. Therefore, the hybridisation process alters the energy absorption 

mechanisms of the structure, changing the response of the reinforced material to low-speed impacts.  

Carbon fibre plate moulding compounds demonstrated the highest in-plane tensile and compressive 

stiffness and strength, thanks to the superior performance of their fibres compared to glass fibre 

alternatives. This resulted in higher peak forces by increasing flexural stiffness during impact. However, 

as the energy level rose, the structural integrity of carbon plate moulding compounds declined, and their 

post-impact compressive strength dropped notably. Conversely, glass plate moulding compounds 

showed better impact tolerance; ductile glass fibres allowed for larger deflections and helped maintain 

in-plane stiffness and strength after impact. Micro-CT results confirmed that carbon plate moulding 

compounds had more extensive damage surface expansion and severe localised microcracks in both in-

plane and out-of-plane directions, unlike the lower crack density seen in glass plate moulding 

compounds. Energy dissipation correlated with crack density, with carbon sheet moulding compounds 

displaying the highest energy dissipation capacity (Pheysey et al., 2025). 

From repeated impact tests, it was found that glass fibre-reinforced polymer composites had the highest 

impact resistance, while carbon fibre-reinforced polymer composites had the lowest. These results were 

attributed to the higher tensile capacity of glass fibres compared to carbon fibres, and it was interpreted 

that glass fibre-reinforced polymer composites absorbed impact energy by exhibiting more deformation 

than carbon fibre-reinforced polymers. In addition, hybrid composites exhibited the properties of both 

carbon fibre-reinforced polymer and glass fibre-reinforced polymer composites. On the other hand, the 

average penetration threshold values for glass fibre-reinforced polymer, hybrid, and carbon fibre-

reinforced polymer composites were measured as 43, 13, and 9, respectively. This shows that glass fibre-

reinforced polymer composites exhibit approximately five times higher penetration threshold values 

than carbon fibre-reinforced polymer composites, leading to the conclusion that glass fibre-reinforced 

polymer composites are more suitable for impact-resistant applications. Additionally, the low-velocity 

impact responses of glass fibre-reinforced polymer composites remained largely unchanged up to the 

35th impact, maintaining structural integrity without significant damage. Conversely, repeated impacts 

on carbon fibre-reinforced polymer composites led to a gradual decline in their dynamic responses, with 

more severe damage appearing at fewer impacts because of their limited deformation ability (Coskun et 

al., 2025). 

 

4. Future Perspectives 

Although hybrid composite technology has advanced significantly, several technical and methodological 

challenges remain to be addressed in future research: 

 AI-Driven Multi-Scale Modelling and Optimisation: Future work should increasingly focus 

on integrating machine learning algorithms and multi-scale finite element analysis to predict the 

dynamic impact responses and failure modes of complex hybrid architectures. Algorithmic 

prediction of optimal layer stacking sequences and fibre volume ratios will replace time-

consuming trial-and-error experimental campaigns. 

 Advanced Eco-Hybrids and Circular Economy: As environmental regulations tighten, the 

development of fully bio-based or recyclable hybrid composites—utilising biopolymers (e.g., 

PLA, PHA) combined with surface-modified natural fibres and recyclable synthetic 

reinforcements—warrants deeper investigation. Improving the interfacial shear strength (IFSS) 

between hydrophilic natural fibres and hydrophobic matrices remains a primary goal. 
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 Smart and Self-Healing Hybrid Interfaces: Incorporating self-healing microcapsules, 

vascular networks, or novel shape memory alloys (SMAs) into hybrid laminates can enable 

autonomous repair of internal delaminations and matrix microcracks following non-penetrating 

impact events. 

 Extreme Environmental and Multiphysical Testing: Future experimental studies should 

expand beyond room-temperature impact characterisation. Investigating the impact, puncture, 

and fatigue resistance of hybrid structures under extreme thermal fluctuations, hygrothermal 

ageing, UV exposure, and high-velocity/ballistic conditions will be vital for next-generation 

aerospace, defence, and marine deployment. 

 

5. Conclusion 

This review explores the mechanical, structural, and dynamic response mechanisms of hybrid composite 

materials under different impact loading conditions. Conventional single-fibre-reinforced polymer 

composites typically present a trade-off between stiffness and damage tolerance: high-modulus synthetic 

fibres such as carbon tend to fail in a brittle, catastrophic manner under impact, whereas natural fibres 

are limited by property variability and lower overall mechanical strength. The literature synthesised in 

this study shows that hybridisation—achieved through the strategic integration of synthetic-synthetic, 

natural-synthetic, or fibre-metal laminates (FMLs)—effectively mitigates these drawbacks through 

synergistic energy dissipation. 

Key findings highlighted in this study include: 

 Damage Tolerance and Energy Absorption: The incorporation of ductile, low-cost, or high-

strain fibres (e.g., glass, Kevlar, or natural fibres) alongside high-stiffness reinforcements (e.g., 

carbon, boron) redistributes localised impact stresses. This configuration delays delamination, 

restricts the propagation of microcracks, and maintains higher residual compressive strength 

after impact. 

 Architectural and Stacking Optimisation: Impact properties—specifically peak force, 

damage area, and penetration threshold—are heavily governed by layer arrangement, fibre 

volume fraction, and dispersion within the polymer matrix. Interlayer and hybrid architectures 

allow tailored stress transfer, preventing catastrophic structural collapse. 

 Functional Hybridisation: Advanced hybrid configurations, including shape-memory-alloy-

integrated composites and thermoplastic-matrix hybrids, exhibit superior superelasticity and 

hysteresis under low-velocity impact, thereby transforming the energy absorption profile and 

drastically reducing internal delamination zones. 

 Testing and Characterisation: Standardised test protocols (Charpy, Izod, and drop-weight 

impact) provide crucial quantitative metrics—such as notch sensitivity, ductile-to-brittle 

transition, and multi-impact endurance—which are essential for designing crashworthy 

structures. 

In conclusion, hybrid composites present an exceptionally adaptable material platform, enabling 

engineers to balance high specific strength, lightness, damage tolerance, and environmental 

sustainability for critical structural applications. 
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Abstract 

Growing interest in low-carbon and circular construction has accelerated the development of bricks 

incorporating renewable biological resources, agricultural residues, bio-derived materials, and 

biologically mediated binding processes. This review critically examines 81 publications published 

between 2005 and 2026 and proposes an integrated framework for bio-based, bio-derived, and 

biologically fabricated brick technologies. The systems are classified into seven families covering 

natural-fiber and lignocellulosic composites, agricultural-, food-, and animal-waste composites, pore-

engineered fired bricks, biopolymer- and bio-binder-modified bricks, mycelium-based materials, 

biomineralized bricks, and multifunctional bio-derived systems. The review focuses on relationships 

among feedstock origin, matrix type, processing route, microstructure, mechanical properties, thermal 

performance, durability, environmental impacts, and scalability. Processing emerges as a key 

determinant of performance because compaction, firing, pyrolysis, fiber treatment, fungal growth, and 

microbial or enzymatic mineralization govern pore structure and bonding. Porosity is identified as the 

central microstructural mediator, frequently linking lower density and thermal conductivity with 

reduced strength and increased moisture uptake. Consequently, higher bio-content does not necessarily 

yield better overall performance. Many systems appear more suitable for non-load-bearing masonry, 

insulation, partitions, and multifunctional envelopes than for primary structural applications. Mycelium 

and biomineralization offer novel fabrication routes, but durability, process control, production time, 

and scalability remain major constraints. Evidence is also limited for fire resistance, long-term aging, 

building-scale behavior, life-cycle impacts, and economic feasibility. Future research should move from 

single-property waste substitution toward standardized, performance-balanced masonry systems 

supported by multi-objective optimization, pilot-scale production, and life-cycle assessment. 

Keywords: Bio-based bricks; Sustainable masonry; Life cycle assessment; Mycelium composites; 

Biomineralization; Circular economy; Sustainability 
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1. Introduction 

1.1. Environmental Burden of Conventional Brick Production 

Conventional brick production imposes environmental burdens through both raw-material extraction 

and manufacturing. Clay-based bricks require large quantities of natural mineral resources, while 

extraction of suitable clay can contribute to land degradation and depletion of locally available raw-

material reserves. Their manufacture is also energy intensive because conventional ceramic bricks are 

typically fired at high temperatures to achieve the required mechanical strength and durability. The 

associated fuel and electricity consumption contributes to greenhouse-gas emissions and increases the 

embodied energy of masonry products (Demir, 2008; Görhan & Şimşek, 2013; Bories et al., 2015; Lewo 

Nkondi et al., 2025). These impacts become increasingly important in the context of continued growth 

in construction activity and the corresponding demand for masonry materials, particularly in rapidly 

urbanizing regions (Ahmad et al., 2025; Jwaida & Di Sarno, 2026). 

At the same time, agriculture, forestry, and food-processing activities generate substantial quantities of 

lignocellulosic residues and other biological wastes, including straw, rice husk, sawdust, bagasse, 

nutshells, coffee residues, and animal-derived wastes. Disposal or uncontrolled treatment of these 

materials can itself create environmental problems, whereas their incorporation into construction 

materials offers a potential route for waste valorization and partial substitution of virgin resources 

(Ganasen et al., 2023; Le et al., 2023; Şahin, 2026). Consequently, the development of bricks 

incorporating bio-based and bio-derived constituents addresses two interconnected challenges: reducing 

the resource and energy intensity of conventional masonry production and creating higher-value 

applications for renewable or residual biological materials. This dual motivation has driven increasing 

research on bio-based, bio-derived, and biologically fabricated brick systems. 

1.2. Biological Resources as Alternative Brick Constituents 

A wide range of biological resources has been investigated as alternative constituents in brick 

production. Natural fibers and lignocellulosic residues such as hemp, kenaf, sisal, date-palm fibers, 

straw, rice husk, corn residues, sawdust, sugarcane bagasse, and other crop by-products have been 

incorporated into clay, earth, cementitious, and alkali-activated matrices as reinforcement, lightweight 

aggregate, filler, or pore-forming material (Binici et al., 2005; Laborel-Préneron et al., 2017; Khoudja 

et al., 2021; Biswas et al., 2024). Agricultural and food-processing wastes further extend this resource 

base to materials such as coffee husks and grounds, citrus residues, beet pulp, nut shells, and paddy-

stubble-derived products, while animal- and marine-derived wastes, including bovine excreta, eggshells, 

and seashells, have also been explored as partial constituents of masonry materials (Moussa et al., 2022; 

Abdallah & Estévez, 2023; Jaramillo et al., 2025a, 2025b). 

Biological resources may also enter brick systems after transformation or through their functional role 

in material formation. Biomass-derived products such as biochar and biomass ash have been used to 

modify density, pore structure, thermal performance, and resource efficiency (Boussaa et al., 2023; Paul 

et al., 2026), while biopolymers including starch, lignin, chitosan, sodium alginate, and other bio-

derived binders have been investigated as matrix modifiers or binding agents (Arab et al., 2021; Harb et 

al., 2023; Shahat & Soliman, 2025). A distinct class of materials relies directly on biological activity: 

fungal mycelium can bind particulate substrates into cohesive composites, while microbially induced 

calcite precipitation (MICP) and enzyme-induced carbonate precipitation (EICP) can cement granular 

materials through biomineralization (Bernardi et al., 2014; Ongpeng et al., 2020; Cheng et al., 2020; 

Zhang et al., 2022). These diverse routes demonstrate that biological resources can function not only as 

substitutes for conventional raw materials but also as active structural, binding, and functional 

components in emerging brick technologies. 

1.3. Evolution from Waste Incorporation to Engineered Bio-Based Masonry 

Research on bio-based masonry has progressively moved beyond the simple substitution of conventional 

raw materials with agricultural or biological wastes. Early approaches largely treated biomass residues 

as alternative fillers, aggregates, or pore-forming agents intended to reduce virgin-material consumption 

and divert wastes from disposal. Subsequent studies increasingly exploited the intrinsic properties of 

biological constituents, particularly natural fibers, to reinforce earthen, clay, and cementitious matrices 
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and modify crack propagation, density, and thermal behavior (Binici et al., 2005; Görhan & Şimşek, 

2013; Laborel-Préneron et al., 2017). 

More recent developments represent a transition from passive incorporation toward biologically 

mediated material formation and engineered functionality. Biopolymers and mycelium can act as 

binding phases, while microbial and EICP enable the fabrication of bricks through biomineralization 

rather than conventional firing or cement hydration (Bernardi et al., 2014; Arab et al., 2021; Ongpeng 

et al., 2020). The field is now extending further toward multifunctional masonry, in which bio-derived 

constituents provide functions beyond material substitution, including thermal energy storage, 

photocatalytic self-cleaning, acoustic performance, and moisture regulation (Bordoloi et al., 2025; 

Yavaş et al., 2023). This evolution can therefore be summarized as waste substitution → bio-

reinforcement → bio-binding → biofabrication → multifunctionality, reflecting a shift from waste 

utilization toward deliberately engineered bio-based masonry systems. 

1.4. Problem of Terminology 

The literature lacks a consistent terminology for bricks incorporating biological materials or biological 

processes. Terms such as bio-brick, biocomposite brick, eco-brick, bio-based brick, biomass brick, bio-

cemented brick, and sustainable brick are often used for materially different systems. For example, bio-

brick may refer to bricks produced by MICP or EICP (Bernardi et al., 2014; Cheng et al., 2020; Arab et 

al., 2021), whereas biocomposite brick is also used for units containing retained biological constituents 

such as mycelium, fibers, starch-based matrices, or biochar-derived functional materials (Ongpeng et 

al., 2020; Harb et al., 2023; Waskar & Anadinni, 2026). 

Other labels are even broader. Eco-brick and sustainable brick may describe products containing natural 

fibers, agricultural residues, biomass ash, industrial wastes, or combinations of these materials, 

irrespective of whether a biological phase remains in the finished unit (Abdullah & Jamaai, 2016; 

Boussaa et al., 2023; Sutcu et al., 2019). Such terminological overlap complicates comparison among 

studies and may obscure fundamental differences in composition, processing, and binding mechanisms. 

Accordingly, Table 1 summarizes the terminology adopted in this review, which distinguishes bio-

based, bio-derived, and biologically fabricated bricks according to the origin, transformation state, and 

functional role of the biological constituent rather than relying solely on the terminology used by 

individual authors. 

In this review, bio-based, bio-derived, and biologically fabricated are used as the primary classification 

terms, while bio-brick, eco-brick, biomass brick, and sustainable brick are treated as broader or author-

specific labels rather than technically equivalent material categories. 

1.5. Research Gap, Aim, and Novelty of the Present Review 

Existing reviews provide substantial coverage of individual segments of the bio-based construction-

material literature, but their scopes are generally confined to specific material families or processing 

routes. Broad reviews have examined construction biocomposites and circular bio-based building 

materials (Ahmad et al., 2025; Le et al., 2023, 2024), while others have focused on mycelium composites 

(Alaneme et al., 2023; Jones et al., 2020; Jin et al., 2026), unfired waste-derived bricks (Lachheb et al., 

2023; Wang & Abuel-Naga, 2025), natural-fiber-reinforced earth blocks (Riffi et al., 2026), or fired clay 

bricks containing lignocellulosic biomass, biomass ash, and other organic additives (Labaied et al., 

2022; Lewo Nkondi et al., 2025). As a result, retained biological constituents, thermally transformed 

biomass, bio-derived binders, fungal composites, biomineralized bricks, and multifunctional systems 

are often discussed in separate research domains. 

The present review addresses this fragmentation by integrating the main routes through which biological 

and bio-derived resources enter masonry technology. It examines how material origin and processing 

affect microstructure, engineering performance, durability, building-scale behavior, and sustainability. 

Its main contribution is a cross-technology framework linking biological origin → processing → 

structure → properties → application → life-cycle performance. This framework enables comparison 

across bio-based, bio-derived, and biologically fabricated bricks while identifying key trade-offs and 

barriers to scalable masonry applications. 



129 

 

Table 1. Proposed terminology and operational classification of bio-based, bio-derived, and 

biologically fabricated brick systems used in this review 

Term 
Operational definition  

used in this review 

Typical constituents / 

mechanism 
Representative studies 

Bio-based brick Brick in which a biological 

constituent remains physically present 

in the final material. 

Natural fibers, straw, 

hemp, kenaf, sawdust, 

palm residues, coffee 

husk, paper/pulp. 

Binici et al. (2005); Laborel-

Préneron et al. (2017); 

Khoudja et al. (2021); 

Biswas et al. (2024) 

Biocomposite 

brick 

Brick composed of a matrix and one 

or more biological or bio-derived 

phases that contribute to structure or 

functional performance. 

Earth/fiber, clay/fiber, 

cement/agro-waste, 

starch/biomass, 

mycelium composites. 

Ashour et al. (2015); Harb et 

al. (2023); Ongpeng et al. 

(2020); Waskar and 

Anadinni (2026) 

Bio-derived 

brick 

Brick containing a material 

originating from biomass but 

chemically or thermally transformed 

before or during production. 

Biochar, biomass ash, 

calcined shells, biomass 

used as burnout pore 

former. 

Boussaa et al. (2023); Paul et 

al. (2026); Aouba et al. 

(2016); Sakhare and 

Ralegaonkar (2016) 

Biomass-

modified / 

biomass brick 

Brick in which biomass or biomass 

residue is directly incorporated, often 

as filler, aggregate, reinforcement, or 

pore former. 

Rice husk, sawdust, 

wheat straw, hazelnut 

shell, bagasse. 

Görhan and Şimşek (2013); 

Bories et al. (2015); Atan et 

al. (2021); Moussa (2024) 

Bio-cemented 

brick 

Brick formed or strengthened through 

biologically or enzymatically induced 

mineral precipitation. 

MICP, EICP, calcium 

carbonate precipitation. 

Bernardi et al. (2014); 

Cheng et al. (2020); Arab et 

al. (2021); Gandhi  (2025) 

Biologically 

fabricated brick 

Brick whose formation, binding, or 

consolidation relies directly on 

biological activity. 

Mycelium binding, 

microbial mineralization, 

biowelding. 

Abdallah and Estévez 

(2023); Ongpeng et al. 

(2020); Zhang et al. (2022) 

Eco-brick Broad environmental label used for 

bricks intended to reduce resource 

consumption, waste, energy use, or 

emissions; not necessarily bio-based. 

Natural fibers, industrial 

wastes, biomass residues, 

recycled mineral wastes. 

Abdullah and Jamaai (2016); 

Sutcu et al. (2019) 

Sustainable 

brick 

Umbrella term referring to bricks 

developed to improve environmental 

performance across production, use, 

or end-of-life stages. 

Bio-based, bio-derived, 

recycled-waste, unfired, 

low-carbon, 

multifunctional systems. 

Wang and Abuel-Naga 

(2025); Jwaida and Di Sarno 

(2026) 

 

2. Review Methodology and Scope 

2.1. Literature Identification 

The literature search was developed iteratively. An initial pool of studies was identified using 

combinations of terms related to biocomposite bricks, bio-bricks, bio-based bricks, natural-fiber bricks, 

agricultural-waste bricks, and related masonry materials. This initial set was subsequently expanded 

through targeted keyword searches covering specific material and processing classes, including 

mycelium bricks, MICP/EICP bricks, biopolymer bricks, biochar bricks, biomass-modified fired bricks, 

natural-fiber earth blocks, and bio-based phase-change materials (PCMs). Backward and forward 

citation tracking of relevant primary studies and review articles was also used to identify additional 

publications outside the initial terminology. 

The search covered multidisciplinary bibliographic databases, scholarly search engines, publisher 

platforms, and DOI-based retrieval sources in order to capture literature spanning materials science, 

civil engineering, building physics, biotechnology, and sustainability. After screening for relevance and 

removing clearly unrelated studies, the final working corpus comprised 81 publications published 

between 2005 and 2026. The iterative expansion of the search was necessary because the relevant 

literature is distributed across several research domains and employs inconsistent terminology for 

closely related brick technologies. 
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2.2. Search Terminology 

The literature search employed a broad set of keywords to capture the different technological routes 

represented in the field. Core search terms included biocomposite brick, bio-brick, bio-based brick, 

natural fiber brick, agricultural waste brick, and biomass brick. These were supplemented with more 

specific terms such as mycelium brick, biochar brick, MICP brick, EICP brick, biopolymer clay brick, 

and fired biomass brick. Related combinations involving earth blocks, lignocellulosic residues, biomass 

ash, natural fibers, biopolymers, biomineralization, and multifunctional bio-based masonry were also 

used where necessary. 

The use of multiple overlapping search terms was required because no single terminology encompasses 

the full range of materials considered in this review. In particular, similar technologies are variously 

described as bio-based, biocomposite, eco-friendly, biomass-modified, bio-cemented, or sustainable 

bricks, while some studies are indexed primarily under the name of the biological constituent or 

processing mechanism rather than under a generic brick-related term. 

2.3. Inclusion Criteria 

Studies were included when they investigated masonry bricks or blocks containing biological or bio-

derived constituents, or when biological processes contributed directly to material formation or binding. 

This scope covered natural-fiber and lignocellulosic composites, agricultural and food-processing 

residues, biomass-derived products, biopolymers, mycelium-based materials, and microbially or 

enzymatically mineralized bricks. Studies incorporating bio-derived functional additions, such as 

biochar or phase-change systems, were also retained. Closely related building-envelope biocomposites 

were included selectively when their findings provided transferable evidence on properties relevant to 

masonry applications, such as thermal conductivity, moisture buffering, durability, or environmental 

performance. Major review articles were retained to establish the state of the art and identify previously 

defined material classes and research gaps. 

2.4. Exclusion Criteria 

Studies were excluded when they were unrelated to construction masonry or when the term brick 

referred only to geometric form, material architecture, or a non-building application. General building-

energy studies without direct relevance to bio-based masonry materials were likewise excluded. These 

criteria led to the removal of initially identified studies whose use of the term brick did not correspond 

to a masonry unit or whose research focus fell outside the material scope of the review. 

2.5. Evidence Classification 

The final corpus was classified by evidence type. Primary experimental studies formed the basis for 

comparing composition, processing, microstructure, and engineering properties. Numerical and 

building-performance studies extended material-scale findings to wall and building behavior, while life-

cycle and economic studies addressed environmental impacts, resource efficiency, cost, and scalability. 

Review articles were used to establish terminology, the state of the art, and research gaps, but not as 

independent quantitative evidence. Supporting and comparator studies were retained where they 

provided relevant benchmarks for conventional or non-bio-based masonry systems. 

 

3. Conceptual Definition and Taxonomy 

3.1. What Constitutes a Bio-Based Brick? 

For the purposes of this review, a bio-based brick is defined as a masonry unit in which at least one 

constituent originates from renewable biological resources and remains materially present in the final 

product, contributing to its structure, binding, reinforcement, density, thermal behavior, moisture 

response, or other functional properties. Typical constituents include natural fibers, lignocellulosic 

residues, agricultural by-products, food-processing wastes, bio-based binders, and other biomass-

derived organic phases retained within earth, clay, cementitious, lime, polymeric, or related matrices. 
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This operational definition intentionally distinguishes bio-based bricks from systems in which the 

biological feedstock is substantially transformed before or during manufacture, such as biomass ash, 

biochar, or combustible pore-forming additives, and from bricks whose formation depends primarily on 

biological activity, such as mycelium growth or microbial mineralization. Those materials are classified 

in this review as bio-derived and biologically fabricated bricks, respectively, as summarized in Table 1. 

The distinction is based on the state and role of the biological constituent in the finished masonry unit 

rather than on the terminology adopted by individual authors. 

3.2. Bio-Based, Bio-Derived, and Biologically Fabricated Bricks 

3.2.1. Bio-Based Bricks 

In bio-based bricks, the biological phase remains physically present in the finished masonry unit and 

contributes directly to its structure or performance. Typical constituents include straw, hemp, kenaf, 

sawdust, palm fibers, coffee husk, and other lignocellulosic residues incorporated as fibers, aggregates, 

fillers, or reinforcing phases. Representative systems include fiber-reinforced earth bricks, date-palm-

waste bricks, kenaf-containing bricks, and coffee-husk alkali-activated bricks (Abdullah & Jamaai, 

2016; Laborel-Préneron et al., 2017; Khoudja et al., 2021; Biswas et al., 2024). 

3.2.2. Bio-Derived Bricks 

In bio-derived bricks, the original biological feedstock undergoes substantial thermal, chemical, or 

mineral transformation before or during brick production. This category includes biochar, biomass ash, 

eggshell or seashell powders, and biomass introduced into fired clay as a combustible pore-forming 

additive. Although the original organic structure may be altered or destroyed, its biological origin 

remains relevant to resource recovery and material functionality (Aouba et al., 2016; Boussaa et al., 

2023; Ibrahim et al., 2022; Paul et al., 2026). Fired bricks containing agricultural residues therefore 

differ fundamentally from retained-fiber biocomposites because the biomass may primarily influence 

the final material through burnout-induced pore formation. 

3.2.3. Biologically Fabricated Bricks 

In biologically fabricated bricks, biological activity participates directly in the formation or 

consolidation of the masonry unit. Mycelium-based systems employ fungal hyphae to bind particulate 

substrates into cohesive composites, whereas MICP and EICP generate mineral bonds through 

biologically mediated carbonate precipitation (Bernardi et al., 2014; Cheng et al., 2020; Ongpeng et al., 

2020; Arab et al., 2021). In these systems, biology functions as part of the manufacturing or binding 

mechanism rather than merely as a feedstock source. This distinction provides the basis for comparing 

the three material families according to their processing routes, structure–property relationships, and 

potential construction applications. 

3.3. Proposed Classification of Brick Systems 

Based on the origin, transformation state, binding mechanism, and functional role of the biological 

constituent, the reviewed brick systems are grouped into seven principal families, as illustrated in Figure 

1. (A) Natural-fiber and lignocellulosic composite bricks contain retained plant-derived fibers or 

particles, such as straw, hemp, kenaf, palm fibers, sawdust, and similar residues, within earth, clay, 

cementitious, or polymeric matrices (Binici et al., 2005; Khoudja et al., 2021). (B) Agricultural-, food-

, and animal-waste composite bricks incorporate residues such as coffee waste, bagasse, paper/pulp 

waste, eggshells, seashells, and other biological by-products as fillers, aggregates, or partial raw-

material substitutes (Muñoz et al., 2020; Ibrahim et al., 2022; Biswas et al., 2024). (C) Bio-derived pore-

engineered fired bricks use biomass or biomass-derived constituents to modify the pore structure during 

firing, typically through combustion or thermal transformation of rice husk, straw, sawdust, nutshells, 

or related residues (Aouba et al., 2016; Atan et al., 2021). (D) Biopolymer- and bio-binder-modified 

bricks employ starch, lignin, chitosan, sodium alginate, bio-adhesives, or related materials to modify 

binding or interfacial behavior (Arab et al., 2021; Harb et al., 2023; Shahat & Soliman, 2025). (E) 

Mycelium-based biofabricated bricks rely on fungal growth to bind particulate substrates (Ongpeng et 

al., 2020; Abdallah & Estévez, 2023), whereas (F) bio-cemented and biomineralized bricks are 

consolidated through MICP, EICP, or related carbonate-precipitation mechanisms (Bernardi et al., 2014; 
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Cheng et al., 2020). Finally, (G) bio-derived multifunctional bricks incorporate biological or bio-derived 

constituents to provide additional functions beyond conventional mechanical and thermal performance, 

including thermal-energy storage, self-cleaning, photocatalytic, acoustic, or moisture-regulating 

behavior (Bordoloi et al., 2025; Yavaş et al., 2023). This seven-family taxonomy provides the 

organizational framework used throughout the remainder of the review. 

 

 

Figure 1. Proposed classification of bio-based, bio-derived, and biologically fabricated brick systems 

into seven principal technological families 

 

4. Biological and Bio-Derived Feedstocks 

4.1. Cereal and Crop Residues 

Cereal and crop residues constitute one of the most extensively investigated feedstock groups for bio-

based brick production because they are widely available, renewable, and often generated in large 

quantities as agricultural by-products. Wheat and barley straw have been incorporated mainly as fibrous 

or particulate bioaggregates in earth and clay matrices, where they influence density, pore structure, 

mechanical behavior, and hygrothermal performance (Aouba et al., 2016; Giroudon et al., 2019; 

Laborel-Préneron et al., 2018). Rice husk has been used both as a retained biomass constituent and as a 

combustible pore-forming additive in fired clay bricks, while paddy stubble has also been converted to 

biochar for incorporation into masonry units (Görhan & Şimşek, 2013; Paul et al., 2026; Demirel, 2026). 

Other crop residues include corn-derived lignocellulosic waste, sugarcane bagasse, and groundnut shell. 

Corn residues have been employed to modify the porosity, density, and compressive strength of fired 

clay bricks, whereas sugarcane bagasse has been investigated for improving thermal performance and 

reducing building-envelope energy demand (Utami et al., 2021; Moussa, 2024). Groundnut shell and 

related nutshell residues have similarly been considered as lightweight fillers or pore-forming biomass 

within the broader agricultural-waste masonry literature (Ganasen et al., 2023; Jwaida & Di Sarno, 

2026). Across these feedstocks, the principal material functions are reinforcement, lightweight 

aggregate substitution, pore generation, and thermal-property modification, with the dominant 
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mechanism depending on whether the biomass remains in the final brick or is thermally transformed 

during processing. 

4.2. Wood, Forestry, and Processed Cellulosic Residues 

Wood, forestry, and processed cellulosic residues constitute an important feedstock group for bio-based 

and bio-derived brick systems. Wood chips and sawdust can be incorporated as lightweight 

lignocellulosic fillers or pore-forming constituents, depending on the matrix and processing route. In 

unfired systems, these materials may remain within the composite and contribute to lightweighting and 

thermal insulation, whereas in fired clay bricks sawdust largely combusts during firing and generates 

additional porosity. This mechanism can reduce density and thermal conductivity, although excessive 

incorporation may increase water absorption and reduce mechanical strength (Alabduljabbar et al., 

2021; Lewo Nkondi et al., 2025). 

Processed cellulosic wastes, particularly paper and pulp residues, have also been used as fibrous 

reinforcement or lightweight additions in masonry materials. Their cellulose-rich structure can improve 

thermal performance and contribute to waste valorization, although the effects on strength and moisture 

sensitivity depend strongly on dosage and matrix compatibility (Muñoz et al., 2020). Wood-derived 

biomass may also be converted into ash, representing a bio-derived rather than retained bio-based 

constituent. Wood biomass ash has been used as a stabilizing or mineral addition in compressed earth 

bricks, where it can modify mechanical, thermal, and durability properties (Boussaa et al., 2023). Thus, 

this feedstock group spans retained lignocellulosic materials, recycled cellulosic fibers, and thermally 

transformed mineral residues. 

4.3. Palm and Fibrous Plant Residues 

Palm-derived and other fibrous plant residues are widely used as reinforcing or lightweight constituents 

because of their low density, elongated morphology, and lignocellulosic structure. Date-palm fibers and 

wastes have been incorporated into raw-earth and insulating brick systems, where they can reduce 

density and thermal conductivity while modifying strength and moisture response (Khoudja et al., 2021; 

Rima & Nadir, 2024). Palm-shell-derived particles have likewise been investigated as lignocellulosic 

fillers in unfired clay bricks, with performance governed strongly by filler content and the resulting 

increase in porosity (Claudel et al., 2025). 

Other plant fibers investigated in brick and related masonry systems include hemp, kenaf, sisal, abaca, 

Stipa ichu, and seagrass. Hemp and kenaf have been used as reinforcing or lightweight bioaggregates in 

cementitious, lime, and brick matrices (Abdullah & Jamaai, 2016; Abdellatef et al., 2020), while sisal 

and other natural fibers have been incorporated to improve crack resistance and mechanical behavior in 

recycled or hybrid brick systems (Kumar et al., 2024; Zhang et al., 2024). Stipa ichu and seagrass have 

been studied in adobe-type composites for their influence on mechanical and thermal properties (Piñas 

et al., 2020; Olacia et al., 2020). Across this group, fiber geometry, surface condition, dosage, and 

interfacial bonding are key parameters controlling whether the primary benefit is reinforcement, 

lightweighting, or improved thermal performance. 

4.4. Food-Processing Wastes 

Food-processing activities generate organic residues that can serve as lightweight fillers, bioaggregates, 

binding constituents, or feedstocks for biologically fabricated materials. Coffee-derived wastes have 

received particular attention. Coffee husk has been used as a partial aggregate replacement in alkali-

activated bricks, while spent coffee grounds have been incorporated into lightweight non-load-bearing 

composites, exploiting their low density and lignocellulosic character (Biswas et al., 2024; Moussa et 

al., 2022). Beet pulp has similarly been combined with starch to produce insulating composite bricks, 

demonstrating the potential of carbohydrate-rich processing residues as constituents of low-density 

building-envelope materials (Harb et al., 2023). 

Other food-processing residues include citrus peel and related fruit wastes. Citrus peel has been 

investigated as a substrate in mycelium-based composites, where the residue contributes both as a 

biomass feedstock and as part of the resulting composite structure (Fernández et al., 2025). Across this 

category, composition, moisture content, particle size, and pretreatment strongly affect compatibility 
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with the matrix or biological binder. Their utilization therefore combines waste valorization with the 

potential to tailor density, thermal behavior, and other functional properties of masonry-related 

composites. 

4.5. Animal- and Shell-Derived Residues 

Animal- and shell-derived residues represent a smaller but distinct feedstock group in bio-based and 

bio-derived masonry. Bovine excreta have been incorporated with other agricultural residues in 

composite bricks, where their organic and fibrous fractions contribute to matrix modification and waste 

valorization (Jaramillo et al., 2025a, 2025b). Eggshell waste, which is predominantly calcium-

carbonate-based, has been used as a mineral-rich bio-derived constituent in ceramic brick production 

and can partially replace conventional raw materials while influencing density, strength, and thermal 

behavior (Ibrahim et al., 2022). 

Seashell waste provides a similarly calcium-carbonate-rich biogenic resource and has been incorporated 

either as a mineral constituent or as part of hybrid biologically fabricated systems. Seashell-derived 

powders have been used in low-carbon composite bricks, while shell-based materials have also been 

combined with mycelium-mediated biowelding (Rao et al., 2024; Abdallah & Estévez, 2023). Because 

eggshell and seashell constituents are largely mineral in nature after processing, these systems are 

generally more appropriately classified as bio-derived rather than retained bio-based materials. 

4.6. Bio-Derived Functional Materials 

The term bio-derived functional materials is used here for constituents obtained from biological 

resources through extraction, conversion, or other processing and incorporated primarily to impart a 

specific material function. This group is therefore broader than the strictly bio-derived brick category 

defined in Section 3.2.2. It includes both substantially transformed biomass products and processed bio-

based binders or modifiers that remain materially present in the finished brick. 

Among the substantially transformed constituents, biochar is produced by thermochemical conversion 

of biomass and can modify pore structure, density, thermal conductivity, moisture interaction, and 

carbon-storage potential, whereas biomass ash is the mineral-rich residue of combustion and may act as 

a stabilizing, filler, or reactive mineral addition (Boussaa et al., 2023; Paul et al., 2026). By contrast, 

lignin, starch, chitosan, sodium alginate, and bio-adhesives are processed biological materials used 

mainly as binders, interfacial modifiers, or matrix-forming agents. Their incorporation can affect 

cohesion, porosity, mechanical behavior, and thermal response (Arab et al., 2021; Harb et al., 2023; 

Jaramillo et al., 2025a, 2025b; Kamar et al., 2025; Shahat & Soliman, 2025). Thus, while all materials 

in this subsection originate from biological resources, their classification within the final brick depends 

on both their degree of transformation and their functional role. 

4.7. Biological Agents 

Biological agents should be distinguished from conventional bio-based material constituents. Material 

constituents such as fibers, bioaggregates, biochar, ash, or biopolymers are introduced primarily because 

they remain as part of the brick matrix and directly contribute to its physical or functional properties. 

By contrast, biological agents are included mainly because they actively drive material formation, 

binding, or mineralization during fabrication. Their classification is therefore based on function rather 

than solely on whether biological matter remains in the finished product. 

Fungal mycelium develops a hyphal network that grows through particulate substrates and binds them 

into a cohesive composite (Ongpeng et al., 2020; Abdallah & Estévez, 2023; Zhang et al., 2022). 

Although mycelium remains materially present after drying or deactivation, its defining role is as an 

active biofabrication and binding agent. Ureolytic bacteria promote calcium carbonate precipitation in 

MICP, thereby cementing granular particles into brick-like units (Bernardi et al., 2014; Kumar et al., 

2019; Cheng et al., 2020; Gandhi et al., 2025). Enzymes perform a similar catalytic role in EICP without 

requiring living microbial cells (Arab et al., 2021). Thus, biological agents are differentiated from 

passive bio-based constituents by their active participation in the manufacturing mechanism. 
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5. Matrix Systems and Material Architecture 

The behavior of a biological constituent depends strongly on the matrix in which it is embedded. The 

same fiber or residue may act as reinforcement, lightweight aggregate, pore former, binder modifier, or 

biological substrate depending on matrix chemistry, interfacial bonding, and processing. The reviewed 

systems can therefore be classified according to eight principal matrix architectures. 

5.1. Earth and Adobe Matrices 

Earth and adobe matrices are among the most established hosts for lignocellulosic fibers and 

bioaggregates. Straw, hemp shiv, palm residues, seagrass, Stipa ichu, and other plant materials are 

incorporated into soil-based matrices to control cracking, reduce density, and modify thermal and 

moisture behavior (Binici et al., 2005; Laborel-Préneron et al., 2018; Olacia et al., 2020; Khoudja et al., 

2021). Because these systems are generally unfired, the biological phase remains within the finished 

brick and its interaction with clay minerals and moisture becomes particularly important. 

5.2. Clay Matrices 

Clay matrices accommodate both retained and thermally transformed biological constituents. In unfired 

clay systems, fibers and biopolymers remain part of the composite, whereas in fired bricks biomass such 

as rice husk, straw, sawdust, and nutshells may combust and generate pores during firing (Demir, 2008; 

Aouba et al., 2016; Alabduljabbar et al., 2021; Atan et al., 2021). Consequently, clay-based systems 

exhibit a strong dependence on firing temperature, biomass content, and burnout behavior. 

5.3. Cementitious Matrices 

Cementitious matrices provide greater initial strength and moisture resistance than many earth-based 

systems, while allowing agricultural residues, fibers, and bio-derived additives to substitute part of the 

conventional aggregate or binder system. Kenaf, quarry-dust/kenaf combinations, and mixed 

agricultural wastes have been investigated in cement-based bricks and related composites (Abdullah & 

Jamaai, 2016; Kamar et al., 2025; Nakkeeran et al., 2024). Their performance is governed largely by 

fiber–cement adhesion, water demand, and the influence of organic constituents on hydration. 

5.4. Lime-Based Matrices 

Lime-based matrices provide a lower-temperature mineral binder environment compatible with many 

lignocellulosic materials. Hemp-lime composites are the most established example, combining plant-

derived aggregates with lime-rich binders to achieve low density, moisture buffering, and thermal 

insulation (Abdellatef et al., 2020; Formisano et al., 2017). Their relatively low mechanical strength 

generally favors non-load-bearing and envelope applications. 

5.5. Alkali-Activated Systems 

Alkali-activated matrices offer an alternative to conventional Portland-cement systems and can 

accommodate both mineral wastes and biological residues. Coffee husk, for example, has been 

investigated as a partial replacement for sand in alkali-activated bricks (Biswas et al., 2024). In such 

systems, compatibility between the organic phase and the alkaline binder, as well as its influence on 

pore development and reaction products, is critical to final performance. 

5.6. Polymer Matrices 

Polymer matrices allow natural fibers to function primarily as reinforcing phases within relatively 

continuous and moisture-resistant binders. Wheat- and rice-fiber-reinforced polymer hybrid bricks 

illustrate this architecture, in which fiber content, orientation, interfacial adhesion, and thermal stability 

govern mechanical behavior (Pandey et al., 2026). These systems differ from mineral-matrix bio-bricks 

because the polymer phase controls much of the load transfer and environmental resistance. 

5.7. Biological/Mycelial Matrices 

In mycelium-based systems, the matrix is generated partly or predominantly through fungal growth. 

Hyphae colonize and bind particulate biomass substrates, producing a continuous biological network 

that functions simultaneously as binder and structural phase (Ongpeng et al., 2020; Zhang et al., 2022; 
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Abdallah & Estévez, 2023). The resulting architecture depends on fungal species, substrate 

characteristics, growth conditions, pressing, and post-growth treatment. 

5.8. Granular Biomineralized Matrices 

Granular biomineralized systems consist of sand, soil, or other particulate media consolidated through 

biologically or enzymatically induced mineral precipitation. In MICP and EICP systems, calcium 

carbonate precipitates within particle contacts and pore spaces, forming cementing bridges without 

conventional firing (Bernardi et al., 2014; Lambert & Randall, 2019; Cheng et al., 2020; Arab et al., 

2021). Mechanical performance therefore depends on particle packing, carbonate distribution, treatment 

cycles, saturation conditions, and the efficiency of the mineralization process. 

Across these matrix systems, bio-component content alone is insufficient to explain performance 

because the same biological feedstock can produce markedly different outcomes depending on matrix 

type, interfacial interactions, and processing conditions. Material performance should therefore be 

interpreted as a function of the combined effects of the bio-component, matrix, interface, and processing 

route. This matrix–interface perspective provides the basis for the processing–structure–property 

relationships discussed in the following sections. 

 

6. Manufacturing and Processing Routes 

6.1. Unfired Molding and Compaction 

Unfired molding and compaction are widely used for adobe, compressed-earth, cementitious, and lime-

based bio-bricks because they avoid the high-temperature firing stage associated with conventional 

ceramic masonry. In these systems, the biological constituent generally remains within the finished 

material, making moisture content, particle grading, compaction pressure, fiber dispersion, and curing 

conditions particularly important. Adobe and earth-based bricks are commonly produced by mixing soil 

with fibers or bioaggregates, followed by molding and ambient or controlled drying, while compressed-

earth units employ greater compaction to improve density and particle contact (Binici et al., 2005; 

Ashour et al., 2015; Khoudja et al., 2021). 

Cementitious and lime-based bio-bricks similarly rely on molding or compaction followed by binder 

hydration, carbonation, or drying rather than firing. In these systems, the processing route must balance 

adequate consolidation with preservation of the lightweight and porous character introduced by the 

biological phase. Excessive water or insufficient compaction can increase shrinkage and porosity, 

whereas excessive compaction may reduce the thermal benefits associated with low-density 

bioaggregates. Consequently, unfired processing is governed by the interaction between mixture 

consistency, compaction level, curing regime, and the moisture sensitivity of the biological constituent. 

The principal unfired processing routes and their controlling parameters are summarized in Table 2, 

highlighting the trade-off between consolidation, dimensional stability, retained porosity, and moisture 

sensitivity. 

6.2. Fiber Preparation and Treatment 

The performance of fiber-reinforced bio-bricks depends strongly on how the biological reinforcement 

is prepared before mixing. Cutting and grinding are commonly used to obtain fibers or particles of 

manageable size and to improve dispersion within the matrix, while particle-size control helps regulate 

packing, porosity, and fiber–matrix contact. Excessively long fibers may promote clustering and poor 

workability, whereas overly fine particles can reduce the reinforcing effect and behave primarily as 

fillers (Laborel-Préneron et al., 2017; Kumar et al., 2024). 

Drying is generally required to reduce moisture variability, limit biological degradation during storage, 

and improve control over the effective water content of the mixture. Surface treatments may also be 

applied to enhance compatibility between hydrophilic lignocellulosic fibers and the surrounding matrix. 

Alkaline treatment, for example, can remove surface impurities and portions of hemicellulose or lignin, 

increase surface roughness, and improve interfacial bonding, although excessive treatment may damage 

the fiber structure. Such modification has been investigated in banana-fiber paperbricks and related 
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natural-fiber systems (Akinwande et al., 2021). Other surface treatments or bio-based coatings may 

likewise be used to control water uptake, adhesion, and durability. Fiber preparation should be regarded 

as a key processing variable because fiber geometry, moisture condition, and surface chemistry directly 

influence dispersion, bonding, and the resulting mechanical and hygrothermal properties. 

 

Table 2. Comparison of principal unfired manufacturing routes for bio-based brick systems 

Processing  

route 

Typical 

matrix/ 

system 

Main processing 

steps 

Key control 

parameters 

Main  

advantages 

Main 

limitations 

Hand or low-

pressure 

molding 

Adobe, raw-

earth bio-

bricks 

Mixing, mold filling, 

demolding, air 

drying 

Water content, 

fiber dispersion, 

drying rate 

Simple, low-

energy, minimal 

equipment 

Greater dimensional 

variability, shrinkage, 

moisture sensitivity 

Mechanical 

compaction 

Compressed-

earth 

bricks/blocks 

Mixing, placement, 

static or dynamic 

compaction, 

curing/drying 

Compaction 

pressure, moisture 

content, particle 

grading 

Higher density 

and dimensional 

stability than 

adobe 

Excessive compaction 

may reduce insulating 

porosity 

Cementitious 

molding/ 

pressing 

Cement-based 

bio-bricks 

Mixing, 

molding/pressing, 

moist curing 

Water-to-binder 

ratio, bioaggregate 

dosage, curing 

regime 

Improved early 

strength and 

moisture 

resistance 

Binder-related 

embodied carbon, 

possible incompati-

bility with organics 

Lime-based 

molding 

Hemp-lime 

and related 

bio-

composites 

Mixing, light 

compaction/molding, 

carbonation/drying 

Binder-to-

bioaggregate ratio, 

compaction, drying 

conditions 

Low density, 

moisture buffer, 

thermal 

insulation 

Slow curing, 

relatively low 

structural strength 

Binder-

stabilized 

earth 

compaction 

Earth bricks 

with cement, 

lime, gypsum, 

or bio-binders 

Soil blending, 

stabilizer addition, 

compaction, curing 

Stabilizer content, 

moisture, 

compaction energy 

Improved 

strength and 

erosion 

resistance 

Added binder may 

increase cost and 

embodied impact 

 

6.3. Fired Production 

Firing distinguishes a major class of bio-derived bricks in which biological additives are thermally 

transformed during ceramic processing. Unlike unfired biocomposites, these systems derive much of 

their final performance from biomass burnout, pore generation, and subsequent sintering of the clay 

matrix. 

6.3.1. Biomass as a Pore-Forming Additive 

Agricultural and lignocellulosic residues such as rice husk, wheat straw, sawdust, nutshells, and other 

biomass fractions have been widely incorporated into clay before firing (Demir, 2008; Görhan & 

Şimşek, 2013; Bories et al., 2015; Aouba et al., 2016; Kizinievič et al., 2018; Alabduljabbar et al., 2021; 

Atan et al., 2021; Utami et al., 2021; Demirel, 2026; Moussa, 2024). During heating, the organic fraction 

decomposes and combusts, leaving voids within the ceramic body. The principal role of the biomass is 

therefore often pore generation rather than reinforcement. Increased pore volume generally reduces bulk 

density and thermal conductivity, but can also increase water absorption and reduce load-bearing 

capacity when the additive content becomes excessive. Thus, these materials are more appropriately 

described as bio-derived pore-engineered fired bricks than as conventional retained-fiber biocomposites. 

6.3.2. Effect of Firing Temperature 

Firing temperature governs the balance between biomass burnout and ceramic densification. At lower 

temperatures, incomplete sintering can leave a relatively porous and mechanically weak structure, 

whereas increasing temperature promotes particle bonding, vitrification, and densification of the clay 

matrix. These changes generally increase strength and reduce open porosity, although the magnitude of 

the effect depends on clay mineralogy, biomass dosage, and ash-forming constituents (Aouba et al., 

2016; Kizinievič et al., 2018; Alabduljabbar et al., 2021; Atan et al., 2021). 
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The thermal implications are similarly coupled. Greater porosity produced by biomass burnout tends to 

lower thermal conductivity, while stronger sintering at higher temperatures may partially counter this 

effect by densifying the ceramic skeleton. Higher firing temperatures can therefore improve mechanical 

performance but may diminish some thermal-insulation benefits and increase production energy 

demand. Selection of the firing regime is consequently a multi-objective problem involving sintering, 

porosity, density, strength, thermal conductivity, and manufacturing energy, rather than a simple 

maximization of firing temperature. 

6.4. Biochar Production and Incorporation 

Biochar production and use in brick manufacture generally involve a sequential process of biomass 

selection → drying and size reduction → pyrolysis → biochar grinding/sieving → blending with the 

host matrix → molding or compaction → curing or drying. The initial biomass feedstock is first dried 

and, where necessary, reduced in size to improve thermal conversion. It is then pyrolyzed under oxygen-

limited conditions, producing a carbon-rich and porous solid whose structure depends strongly on 

feedstock type and pyrolysis temperature. After cooling, the biochar is commonly ground and sieved to 

obtain a controlled particle-size range before incorporation into the brick mixture. 

During brick preparation, processed biochar is blended with soil, clay, cementitious, or other binder 

systems at a selected dosage, followed by molding or compaction and curing or drying. In the reviewed 

literature, biochar primarily functions as a lightweight porous additive capable of modifying density, 

pore structure, thermal conductivity, moisture interaction, and potentially carbon storage (Paul et al., 

2026). Its effect is nevertheless highly process-dependent: particle size, pyrolysis conditions, dosage, 

dispersion, matrix compatibility, and compaction level determine whether thermal and lightweighting 

benefits can be achieved without excessive loss of mechanical strength. 

6.5. Mycelium Cultivation 

Mycelium-based brick production follows a biologically driven sequence of substrate preparation → 

sterilization → inoculation → fungal growth → pressing or shaping → drying/deactivation. Agricultural 

or lignocellulosic substrates are first cleaned, size-adjusted, and conditioned to provide suitable moisture 

and nutrients for fungal colonization. Sterilization or pasteurization is then used to suppress competing 

microorganisms before inoculation with the selected fungal culture, commonly species of Pleurotus or 

related fungi (Ongpeng et al., 2020; Zhang et al., 2022; Abdallah & Estévez, 2023). 

During incubation, fungal hyphae spread through the substrate and form an interconnected network that 

binds the particles into a cohesive composite. The colonized material may then be molded or pressed to 

increase density and improve dimensional stability. A final drying or heat-treatment stage reduces 

moisture content and deactivates further fungal growth, thereby stabilizing the product for use. The 

resulting properties depend strongly on substrate composition, fungal species, growth time, moisture 

conditions, degree of compaction, and post-growth treatment, making cultivation parameters central to 

the reproducibility and performance of mycelium-based bricks. 

6.6. Microbial and Enzymatic Mineralization 

Biomineralized bricks are produced by inducing calcium carbonate precipitation within a granular 

matrix, creating mineral bridges between particles without conventional firing. The two principal routes 

are MICP and EICP. Both rely on urea hydrolysis to promote carbonate formation in the presence of 

calcium ions, but differ in whether living microorganisms or isolated enzymes provide catalytic activity. 

6.6.1. Microbially Induced Calcite Precipitation 

MICP typically follows the sequence granular substrate preparation → bacterial introduction → 

nutrient/urea–calcium treatment → carbonate precipitation → repeated treatment or curing → drying. 

Ureolytic bacteria hydrolyze urea, increasing local alkalinity and promoting precipitation of calcium 

carbonate at particle contacts. The resulting mineral bridges progressively consolidate sand or soil into 

a brick-like material. Early work demonstrated the feasibility of biologically cemented sandstone bricks 

(Bernardi et al., 2014), followed by studies using marine ureolytic bacteria, urine-derived treatment 

media, controlled saturation, and repeated MICP cycles to improve consolidation and erosion resistance 

(Kumar et al., 2019; Lambert & Randall, 2019; Cheng et al., 2020; Li et al., 2020; Liu et al., 2021). 
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More recent work has extended the approach to alternative bacterial sources and carbon-sequestration-

oriented bio-brick production (Gandhi et al., 2025). 

6.6.2. Enzyme-Induced Carbonate Precipitation (EICP) 

EICP replaces living bacterial cells with urease enzymes that catalyze urea hydrolysis and induce 

calcium carbonate precipitation. A typical sequence involves substrate preparation → preparation of 

enzyme and cementation solutions → mixing or injection → carbonate precipitation → curing → drying. 

Because no microbial growth is required, EICP can simplify process control and reduce sensitivity to 

environmental conditions that affect bacterial activity. However, precipitation distribution, enzyme 

stability, reagent consumption, and bonding uniformity remain important processing variables. Hybrid 

approaches combining EICP with biopolymers such as sodium alginate have been investigated to 

improve particle bonding and brick integrity (Arab et al., 2021). MICP and EICP therefore represent 

related but distinct biocementation routes, with their effectiveness governed by treatment chemistry, 

delivery method, precipitation uniformity, and the number of treatment cycles. 

6.7. Additive Manufacturing and Biowelding 

Additive manufacturing represents an emerging processing route for bio-based masonry, enabling 

controlled geometry, material placement, and integration of biological binding mechanisms. In contrast 

to conventional molding, three-dimensional printing can produce customized porous architectures and 

complex brick geometries while reducing dependence on formwork. Within the reviewed literature, this 

approach is represented most clearly by the fabrication of a seashell-based biodigital brick subsequently 

consolidated through fungal growth (Abdallah & Estévez, 2023). 

The process combines digital design → material preparation → layer-by-layer printing → inoculation 

→ mycelial colonization → biowelding → drying/deactivation. The biowelding mechanism occurs 

when fungal hyphae grow across adjacent printed layers or contact surfaces, penetrate local pores and 

surface irregularities, and form an interconnecting biological network that bridges previously separate 

material regions. These hyphal bridges increase interfacial continuity and help transfer stresses across 

layer boundaries, functioning as a biologically generated joining phase rather than as a conventional 

adhesive. After sufficient colonization, drying or thermal deactivation arrests further fungal growth and 

stabilizes the bonded structure. Although this hybrid route offers substantial geometric flexibility, its 

practical application remains limited by printability, interlayer contact quality, growth uniformity, 

processing time, dimensional stability, and scale-up. 

6.8. PCM Incorporation and Encapsulation 

PCMs are incorporated into bio-based brick systems to provide latent heat storage and improve thermal 

regulation. The processing sequence generally involves PCM selection → stabilization or encapsulation 

→ preparation of the bio-based carrier or matrix → PCM incorporation → brick filling or integration 

→ sealing and curing/drying. In the reviewed studies, bio-derived porous materials such as biochar can 

act as carriers for PCMs, allowing the PCM to be retained within their pore structure and reducing 

leakage during melting (Bordoloi et al., 2025; Bordoloi & Kalita, 2026). 

PCM integration may be achieved by direct filling of brick cavities, impregnation into porous carriers, 

or incorporation of a stabilized biocomposite PCM into the masonry unit. Encapsulation or shape 

stabilization is particularly important because repeated solid–liquid phase transitions can otherwise lead 

to leakage and loss of thermal-storage capacity. The effectiveness of these systems depends on PCM 

loading, phase-transition temperature, carrier porosity, thermal compatibility with the brick matrix, and 

long-term cycling stability. Related work has also extended biocomposite PCM integration to autoclaved 

aerated concrete bricks, demonstrating the broader applicability of this processing route for passive 

thermal-energy storage (Das et al., 2026). 
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7. Microstructure and Structure–Property Relationships 

7.1. Fiber–Matrix Interface 

The fiber–matrix interface is a critical microstructural region in bio-based bricks because it governs 

stress transfer, crack bridging, moisture transport, and the development of interfacial voids. Effective 

bonding allows natural fibers to redistribute stresses and delay crack propagation, whereas weak 

adhesion can promote fiber pull-out, debonding, and localized porosity. Interfacial quality is influenced 

by fiber morphology, surface roughness, chemical composition, moisture condition, and compatibility 

with the surrounding earth, clay, cementitious, lime, or polymer matrix (Laborel-Préneron et al., 2017; 

Kumar et al., 2024). 

Natural fibers are hydrophilic and may absorb mixing water, swell, or create weak interfacial zones if 

poorly dispersed. Surface treatment can improve bonding by increasing roughness or modifying the 

outer lignocellulosic layers, as demonstrated for alkaline-treated banana-fiber paperbricks (Akinwande 

et al., 2021). Conversely, excessive fiber content or inadequate pretreatment may increase void 

formation and reduce matrix continuity. The interface therefore mediates a central trade-off in fiber-

reinforced bio-bricks: stronger interfacial bonding generally benefits mechanical performance, while a 

more porous fiber–matrix architecture may contribute to lower density and thermal conductivity. 

Understanding this balance is essential for interpreting the apparently contradictory effects of fiber 

addition reported across different brick systems. 

7.2. Pore Formation and Pore Connectivity 

Pore structure is one of the principal microstructural features controlling the performance of bio-based 

and bio-derived bricks. Pores can form through several distinct mechanisms. In unfired fiber- and 

bioaggregate-containing systems, irregular particle geometry and incomplete packing create 

interparticle voids, while poor fiber dispersion can generate local cavities and weak interfacial zones. 

Moisture removal during drying produces additional shrinkage-related pores, particularly where 

hydrophilic fibers release absorbed water or where differential drying occurs between the biological 

phase and the surrounding matrix. In cementitious and lime-based systems, entrapped air, bioaggregate 

water absorption, and incomplete binder penetration into porous plant particles may further increase 

local porosity. 

A different mechanism dominates in fired clay bricks containing biomass. During heating, 

lignocellulosic additives undergo thermal decomposition and combustion, leaving behind voids that 

reflect the size, shape, and distribution of the original particles. At the same time, ceramic sintering tends 

to densify the clay skeleton, so the final pore structure results from competition between biomass 

burnout and matrix vitrification (Aouba et al., 2016; Alabduljabbar et al., 2021; Atan et al., 2021). 

Biochar-containing systems introduce pre-existing internal porosity, whereas biomineralized bricks can 

experience partial pore filling as calcium carbonate precipitates at particle contacts and within pore 

spaces. Mycelium-based materials exhibit yet another architecture, in which voids are defined by 

substrate packing and the extent to which fungal hyphae bridge or occupy interparticle spaces. 

The distinction between isolated and interconnected pores is particularly important. Isolated pores can 

reduce density and heat transfer with relatively limited effects on liquid-water transport, while connected 

pore networks facilitate capillary absorption and may accelerate moisture ingress and weathering. 

Increasing bio-content therefore does not merely increase total porosity; it can alter pore size 

distribution, connectivity, and tortuosity, which helps explain why similar reductions in density or 

thermal conductivity may be accompanied by markedly different water-absorption and durability 

responses. Pore architecture thus provides a central link between feedstock morphology, processing 

route, and the competing thermal, mechanical, and moisture-related properties discussed later. 

7.3. Biomass Burnout during Firing 

In fired clay bricks containing agricultural or lignocellulosic residues, biomass burnout is a primary 

mechanism by which the biological additive alters the final microstructure. During heating, moisture is 

first removed, followed by thermal decomposition of hemicellulose, cellulose, and lignin and subsequent 

oxidation of the resulting volatile and carbonaceous fractions. As the organic phase is consumed, voids 
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remain within the clay body, and their morphology is influenced by the original size, shape, distribution, 

and content of the biomass particles. Rice husk, straw, sawdust, and nutshell-derived additives therefore 

act predominantly as sacrificial pore formers rather than as retained reinforcement in the fired product 

(Demir, 2008; Görhan & Şimşek, 2013; Bories et al., 2015; Aouba et al., 2016; Alabduljabbar et al., 

2021). 

The final microstructure reflects a competition between organic burnout and ceramic sintering. Biomass 

decomposition increases pore volume, whereas increasing firing temperature promotes particle bonding, 

vitrification, and partial pore closure within the clay matrix. The balance between these mechanisms 

determines whether the resulting brick exhibits a fine and relatively closed pore structure or a highly 

connected network of larger voids. Ash-forming components of the biomass may also remain within the 

ceramic body and participate in mineral reactions during firing, further modifying the matrix depending 

on feedstock composition (Kizinievič et al., 2018; Atan et al., 2021; Utami et al., 2021). 

This burnout–sintering balance is central to the characteristic trade-off observed in biomass-modified 

fired bricks: increased pore formation can reduce density and thermal conductivity, but excessive or 

poorly controlled burnout may disrupt matrix continuity and impair strength and moisture resistance. 

Biomass particle characteristics, additive dosage, heating rate, peak temperature, and soaking time 

therefore jointly control the resulting pore architecture and engineering performance. 

7.4. Mycelial Hyphal Networks 

In mycelium-based bricks, bonding develops through several complementary mechanisms associated 

with fungal hyphae. As the mycelium colonizes the substrate, hyphae grow around and between 

particles, forming an interconnected network that produces mechanical interlocking and physical 

entanglement. Hyphae can also penetrate pores, cracks, and surface irregularities of lignocellulosic 

particles, creating localized anchorage and increasing the effective contact area between adjacent 

constituents (Ongpeng et al., 2020; Zhang et al., 2022; Abdallah & Estévez, 2023). 

A second contribution arises from interfacial adhesion between the fungal cell-wall components and the 

substrate surface. This adhesion, together with hyphal bridging across particle contacts, creates a 

continuous biological phase capable of transferring stresses between otherwise discrete particles. The 

resulting bond quality depends on fungal species, substrate chemistry, particle size, moisture 

availability, growth time, and degree of colonization. Pressing can further increase interparticle contact 

and densify the hyphal network, whereas drying or thermal deactivation stabilizes the formed structure. 

The mechanical integrity of mycelium composites therefore results from the combined action of hyphal 

entanglement, pore penetration, surface adhesion, and particle-to-particle bridging, rather than from a 

conventional hardened binder. Variations in the density and continuity of this network help explain 

differences in strength, porosity, and thermal performance among mycelium-based brick systems. 

7.5. Calcium Carbonate Precipitation in Bio-Cemented Bricks 

In bio-cemented bricks, calcium carbonate precipitation provides the principal mineral bonding 

mechanism between initially loose granular particles. During MICP or EICP treatment, urea hydrolysis 

generates carbonate species that react with dissolved calcium ions, leading to precipitation of calcium 

carbonate within pore spaces and, most importantly, at particle contacts (Bernardi et al., 2014; Cheng et 

al., 2020; Arab et al., 2021). The resulting crystals form mineral bridges between adjacent grains, 

increasing interparticle cohesion and transforming the granular assembly into a consolidated masonry 

unit. 

Bond effectiveness depends not only on the total quantity of precipitated calcium carbonate but also on 

its location, morphology, and spatial uniformity. Precipitation concentrated at particle contacts 

contributes more effectively to load transfer than carbonate deposited as isolated crystals within larger 

pores. Repeated treatment cycles can increase cementation and improve resistance to compression and 

erosion, although non-uniform reagent distribution may produce heterogeneous bonding and preferential 

weak zones (Li et al., 2020; Liu et al., 2021). Excessive pore filling may also reduce permeability and 

restrict subsequent transport of treatment solutions. 
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The resulting microstructure is therefore governed by the interaction between particle packing and 

carbonate distribution. Contact-scale mineral bridging, partial pore filling, and progressive densification 

of the granular skeleton collectively determine the strength and durability of bio-cemented bricks, while 

treatment chemistry, saturation state, and delivery conditions control the efficiency and uniformity of 

these mechanisms. 

7.6. Biochar Pore Structure 

Biochar introduces a distinct porous phase into brick matrices because its thermochemical production 

preserves and transforms parts of the original biomass cellular structure into a carbon-rich pore network. 

Depending on feedstock and pyrolysis conditions, this structure may contain interconnected macro-, 

meso-, and micropores that increase internal surface area and reduce the apparent density of the biochar-

containing composite. When dispersed within a brick matrix, these pores contribute to lightweighting 

and can interrupt solid-phase heat-transfer pathways, thereby reducing thermal conductivity (Paul et al., 

2026). 

The influence of biochar is governed not only by its total porosity but also by pore size distribution, 

connectivity, particle size, and accessibility to the surrounding matrix. Highly porous particles may 

absorb water or binder into their internal pore system, altering local hydration, interfacial bonding, and 

effective matrix continuity. At moderate contents, this porous architecture can enhance thermal 

performance while maintaining adequate structural integrity, whereas excessive incorporation may 

increase void content and weaken particle-to-matrix bonding. Biochar porosity can also provide storage 

space for functional substances such as PCMs, allowing the pore network to act as a carrier that limits 

leakage during melting (Bordoloi et al., 2025). Thus, biochar contributes to brick performance through 

both its intrinsic internal porosity and the secondary pore structure created at the biochar–matrix 

interface. 

7.7. Microstructural Characterization 

Microstructural characterization is essential for linking processing routes to the resulting pore 

architecture, interfacial bonding, mineral phases, and thermal transformations of bio-based and bio-

derived bricks. Scanning electron microscopy (SEM) is widely used to visualize fiber–matrix interfaces, 

pore morphology, particle bonding, biomass-burnout cavities, mycelial networks, and calcium-

carbonate bridges. When coupled with energy-dispersive X-ray spectroscopy (SEM-EDS), local 

elemental composition can be examined to distinguish mineral phases, ash-derived constituents, or 

precipitated calcium-rich regions. 

X-ray diffraction (XRD) is used to identify crystalline phases and track mineralogical changes 

associated with firing, stabilization, ash incorporation, or biomineralization. Fourier-transform infrared 

spectroscopy (FTIR) provides complementary information on chemical functional groups, including 

changes in lignocellulosic constituents, biopolymers, fungal materials, and mineral–organic 

interactions. Thermal-analysis techniques further clarify transformation mechanisms: 

thermogravimetric analysis (TGA) quantifies mass losses associated with moisture removal and thermal 

decomposition, while differential scanning calorimetry (DSC) and differential thermal analysis (DTA) 

identify endothermic and exothermic transitions related to biomass degradation, mineral reactions, and 

phase-change behavior.  

The principal microstructural characterization techniques and the information provided by each are 

summarized in Figure 2. The principal microstructural characterization techniques and the information 

provided by each are summarized in Figure 2. Together, these techniques link manufacturing conditions 

to material architecture. This relationship is synthesized in Section 7.8 through the processing–

microstructure–property–application framework. 
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Figure 2. Overview of microstructural characterization techniques used for bio-based and bio-derived 

bricks, showing the type of information provided by each method and example outputs. 

 

7.8. Fundamental Processing–Structure Relationships 

The reviewed systems can be interpreted through the general sequence processing → microstructure → 

properties → application. Manufacturing conditions determine how the biological or bio-derived 

constituent is incorporated, transformed, or activated within the brick. Compaction influences particle 

packing and interfacial contact, firing controls biomass burnout and ceramic sintering, pyrolysis 

determines biochar pore architecture, fungal cultivation establishes hyphal connectivity, and 

MICP/EICP governs the distribution of carbonate bonds. These processing routes therefore generate 

distinct microstructures characterized by variations in porosity, pore connectivity, interfacial adhesion, 

matrix continuity, mineral bridging, and biological network formation. 

The resulting microstructure governs macroscopic behavior. Increased porosity generally favors 

lightweighting and lower thermal conductivity but may reduce strength and increase moisture uptake, 

whereas improved fiber–matrix bonding, ceramic densification, hyphal bridging, or calcium-carbonate 

cementation can enhance mechanical integrity. These property combinations ultimately determine 

whether a material is suitable for load-bearing masonry, non-load-bearing walls, thermal insulation, 

acoustic applications, or multifunctional building-envelope systems. 

 

8. Physical Properties 

Physical properties provide the first macroscopic indication of how biological constituents alter brick 

architecture. Across the reviewed systems, the most recurrent changes involve density, porosity, and 

moisture uptake, although the magnitude and direction of these effects depend strongly on whether the 

biological phase is retained, combusted during firing, converted to a porous derivative such as biochar, 

or involved in biological mineralization. 

8.1. Bulk Density and Apparent Porosity 

A recurring trend across natural-fiber, bioaggregate, mycelium, biochar, and biomass-modified fired 

bricks is a reduction in bulk density with increasing incorporation of low-density biological constituents. 

This effect results from both the lower intrinsic density of biomass relative to mineral matrices and the 
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additional voids introduced by irregular particle packing, fiber–matrix interfaces, or biomass burnout. 

Earth bricks containing plant aggregates and fired clay bricks containing straw, rice husk, sawdust, or 

other agricultural residues therefore commonly exhibit increasing porosity and decreasing density as 

bio-content rises (Aouba et al., 2016; Laborel-Préneron et al., 2017; Alabduljabbar et al., 2021; Atan et 

al., 2021). Similar lightweighting is observed in palm-shell, biochar, and mycelium-based systems 

(Claudel et al., 2025; Paul et al., 2026; Waskar & Anadinni, 2026). 

The density–porosity relationship is nevertheless processing-dependent. In fired systems, organic 

burnout generates pores while sintering tends to close or refine them, making firing temperature a major 

control variable. In unfired composites, compaction pressure, particle size, and fiber dispersion 

determine whether the biological phase produces uniformly distributed pores or larger interfacial 

defects. Biomineralized systems behave differently because calcium carbonate precipitation can 

partially fill pore spaces and increase contact density between particles. Thus, bio-content alone cannot 

predict density or porosity without considering the corresponding matrix and processing route. 

8.2. Water Absorption, Sorptivity, and Capillary Uptake 

Moisture-related physical properties are particularly important because many biological constituents are 

hydrophilic and because increased porosity frequently accompanies biomass incorporation. Higher bio-

content often increases water absorption by introducing additional open pores, interfacial voids, and 

lignocellulosic surfaces capable of retaining water. This tendency has been reported in fiber-reinforced 

earth bricks, biomass-containing fired bricks, and lightweight biocomposites, although the extent varies 

considerably with pore connectivity and matrix densification (Khoudja et al., 2021; Alabduljabbar et al., 

2021; Boussaa et al., 2023). 

Total water absorption, however, does not fully describe moisture transport. Sorptivity and capillary 

absorption depend primarily on the connectivity, size distribution, and tortuosity of the open pore 

network. A highly porous brick may exhibit relatively moderate capillary transport if much of its pore 

volume is isolated, whereas a lower-porosity material with interconnected capillaries may absorb water 

rapidly. Surface treatment, stabilization, increased compaction, ceramic sintering, or carbonate 

precipitation can reduce effective pore connectivity and thereby limit moisture ingress. This distinction 

is important when comparing thermal-insulating bio-bricks, since the pore structure responsible for low 

density and thermal conductivity may simultaneously increase susceptibility to liquid-water penetration. 

8.3. Dimensional Stability, Efflorescence, and Overall Biomass-Content Effects 

Shrinkage and dimensional stability are influenced by the moisture sensitivity of both the matrix and the 

biological constituent. In unfired earth-based systems, drying shrinkage arises primarily from water loss 

and clay contraction, while fibers and bioaggregates can either restrain cracking or increase dimensional 

instability depending on their dosage, dispersion, and water demand (Wang & Abuel-Naga, 2025). In 

fired clay systems, dimensional changes occur during both drying and firing. Organic additives may 

increase the water required for shaping and subsequently increase drying shrinkage, while burnout and 

ceramic sintering further modify the final dimensions (Demir, 2008; Lewo Nkondi et al., 2025). Demir 

(2008), for example, found increasing drying and total shrinkage with increasing organic-residue 

content. 

Efflorescence is associated with the transport of soluble salts to the brick surface and their crystallization 

during moisture evaporation. Its occurrence therefore depends on raw-material chemistry, pore 

connectivity, moisture movement, and drying conditions rather than on biological content alone. 

Reviews of fired brick production indicate that inadequate drying conditions and soluble salts can 

contribute to surface efflorescence, while water absorption and pore structure remain closely related to 

susceptibility to moisture-driven deterioration (Lewo Nkondi et al., 2025). However, efflorescence is 

reported much less systematically than density, porosity, water absorption, or strength across the bio-

based brick literature, which limits robust cross-study comparison. 

Increasing biomass content most commonly produces the coupled trend of lower density and higher 

porosity, often accompanied by greater water absorption and, in some systems, increased shrinkage 

(Demir, 2008; Aouba et al., 2016; Alabduljabbar et al., 2021; Lewo Nkondi et al., 2025). These 

relationships are not universally monotonic because particle grading, fiber treatment, compaction, firing 
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temperature, binder chemistry, and biomineralization can substantially modify pore connectivity and 

matrix continuity. The resulting physical-property changes form the basis for the mechanical, thermal, 

and hygrothermal trade-offs examined in the following sections. 

 

9. Mechanical Performance 

Mechanical performance determines whether bio-based and bio-derived bricks can function as structural 

masonry units, non-load-bearing elements, or primarily as insulating components. Reported strengths 

vary widely because the reviewed materials encompass fundamentally different matrices and bonding 

mechanisms, ranging from porous mycelium composites to fired ceramics and biomineralized sand. 

Consequently, comparisons based solely on biomass content are insufficient; matrix continuity, 

porosity, interfacial bonding, compaction, firing or curing conditions, and biological cementation must 

also be considered. 

9.1. Compressive Strength 

Compressive strength is the most frequently reported mechanical property and exhibits the clearest 

trade-off with lightweighting and pore development. In many lignocellulosic systems, increasing 

biomass content reduces strength because low-density particles replace stronger mineral phases and 

introduce additional pores or weak interfaces. For example, increasing palm-shell content in unfired 

clay bricks reduced compressive strength from 4.64 to 0.12 MPa, while increasing paddy-stubble 

biochar similarly reduced strength as the material became lighter and more porous (Claudel et al., 2025; 

Paul et al., 2026). Mycelium-based materials generally occupy the lower-strength range, although 

optimization of substrate grading, fungal growth, and pressing can substantially improve their resistance 

(Waskar & Anadinni, 2026). 

This relationship is not universal. Appropriate constituent dosage, interfacial modification, mineral 

reactions, or thermal processing can partly compensate for biomass-induced porosity. Corn-residue-

modified fired clay bricks, for example, achieved 6.81 MPa compared with 4.15 MPa for the 

corresponding clay control (Utami et al., 2021), while chitosan modification increased the reported 

compressive strength of fired clay compositions despite the development of a more porous 

microstructure (Shahat & Soliman, 2025). Mineral-rich bio-derived systems can reach still higher 

strengths: eggshell-containing ceramic bricks achieved 10.5 MPa (Ibrahim et al., 2022), and biomass–

seashell alkali-activated bricks reached approximately 10–11.2 MPa under the reported curing 

conditions (Rao et al., 2024). 

Biological cementation provides a different strengthening mechanism. MICP-treated sandstone-like 

bricks reached approximately 9 MPa through calcium-carbonate bridging between granular particles 

(Cheng et al., 2020), demonstrating that substantial masonry-scale strength can be obtained without 

conventional ceramic firing. Conversely, highly porous biochar and mycelium systems remain more 

appropriate for non-structural or insulating applications. As summarized in Table 3, compressive 

strength therefore spans more than an order of magnitude across the reviewed technologies, emphasizing 

that application suitability should be evaluated according to the complete material architecture and 

processing route rather than under a single generic bio-brick classification. 

9.2. Flexural Strength 

Flexural strength is reported less frequently than compressive strength but is particularly informative 

for fiber-reinforced and biomineralized bricks because it reflects crack initiation and post-cracking load 

transfer. Natural fibers can improve bending resistance even when increasing porosity reduces 

compressive strength. In recycled-aggregate bricks, for example, increasing sisal-fiber content from 0 

to 2% increased flexural strength from 2.8 to 5.2 MPa, an 85.7% improvement attributed to fiber 

bridging and stress redistribution across developing cracks (Zhang et al., 2024). In fired clay systems, 

however, the benefit depends strongly on biomass dosage and the resulting pore structure. Aouba et al. 

(2016) observed slight increases in bending strength at low additions of wheat straw or olive stone flour, 

whereas higher biomass contents progressively reduced bending resistance as porosity increased. 
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Biologically cemented systems show a similar dependence on the continuity of the reinforcing or 

binding network. EICP–alginate bio-bricks exhibited flexural strengths of approximately 1–2.5 MPa 

(Arab et al., 2021), while fiber reinforcement of MICP-treated bricks improved both flexural response 

and deformation capacity (Liu et al., 2021). Flexural performance is governed less by bio-content alone 

than by the ability of fibers, polymeric binders, or mineral bridges to maintain stress transfer after matrix 

cracking. 

 

Table 3. Representative compressive-strength performance of bio-based, bio-derived, and biologically 

fabricated brick systems 

Study Bio-source and matrix Processing 
Representative 

bio-content 

Density 

(kg/m³) 

Compressive 

strength (MPa) 

Aouba et al. 

(2016) 

Wheat straw / fired clay 920 °C, 1 h 5 wt% WS 1660 21.4 

Aouba et al. 

(2016) 

Olive stone flour / fired 

clay 

920 °C, 1 h 5 wt% OSF 1730 30.5 

Atan et al. (2021) Hazelnut shell + red 

mud / clay 

900 °C, 2 h 10% HS + 30% 

RM 

1420 9.12 

Ibrahim et al. 

(2022) 

Eggshell / ceramic 

matrix 

950 °C 20 wt% 1400 10.5 

Zhang et al. 

(2024) 

Sisal fiber / cementitious 

recycled aggregate 

28 d curing 1 vol% fiber NR 36.2 

Kamar et al. 

(2025) 

Kenaf core + bio-

adhesive / cement 

28 d air curing 25% KC + 12% 

BD 

1555 10.22 

Pandey et al. 

(2026) 

Wheat fiber + rice husk / 

epoxy 

24 h curing 70 wt% biomass NR 21.5 

Paul et al. (2026) Paddy-stubble biochar + 

powder / lime 

Unfired 35% BC + 35% 

PSP 

750 0.60 

Waskar & 

Anadinni (2026) 

Bagasse + mycelium Cultivation + 

pressing 

70 vol% bagasse 475–490† 1.85 

Cheng et al. 

(2020) 

Microbial cementation / 

sand 

MICP Treatment-based NR ≈9 

*Measured value; corrected value reported by the authors is approximately 6.64 MPa. 

†Density range reported for the high-performing M10–M12 formulations. 

NR = not reported for the selected formulation. 

 

9.3. Tensile and Splitting Strength 

Direct tensile and splitting-tensile strength are much less systematically reported than compressive or 

flexural strength in the reviewed bio-brick literature. Consequently, a robust quantitative comparison 

across technological families is not presently possible. This is an important limitation because tensile 

resistance governs crack initiation, fracture propagation, and the capacity of masonry units to tolerate 

handling, restraint, and local stress concentrations. 

Where fibrous biological constituents are used, the principal tensile-strengthening mechanisms are fiber 

bridging, crack deflection, mechanical interlocking, and fiber pull-out. These mechanisms can delay 

unstable crack propagation even when the fibers do not increase compressive strength. The strong 

flexural improvement reported for sisal-reinforced recycled bricks is consistent with this mechanism 

(Zhang et al., 2024). In polymer-based wheat–rice-fiber bricks, compression tests also revealed vertical 

splitting and wedge-splitting failure, with increasing interfacial debonding and fiber pull-out under 

thermal exposure (Pandey et al., 2026). These observations demonstrate the importance of tensile-

related failure mechanisms, but they should not be interpreted as direct splitting-tensile strength 

measurements. More standardized direct and indirect tensile testing is therefore required to establish 

reliable design values for bio-based masonry units. 
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9.4. Stress–Strain Behavior 

Stress–strain behavior provides information that strength values alone cannot capture, particularly 

stiffness, deformability, post-peak response, and failure mode. Conventional mineral bricks generally 

exhibit relatively stiff and brittle behavior, whereas incorporation of fibrous or polymeric biological 

phases can increase deformation capacity through crack bridging and progressive interfacial debonding. 

Zhang et al. (2024) reported that sisal reinforcement transformed the response of recycled-aggregate 

bricks from a comparatively brittle post-peak drop toward a more nonlinear and deformable response. 

At the same time, the elastic modulus decreased from 18.5 to 14.2 GPa as fiber content increased to 2%, 

illustrating the common trade-off between stiffness and toughness. 

The effect of matrix condition is particularly evident in polymer-based bricks. Pandey et al. (2026) 

observed an approximately linear compressive response at room temperature, followed by increasing 

nonlinearity, stress fluctuations, and earlier failure as exposure temperature increased from 40 to 60 °C. 

These changes coincided with epoxy softening, microcracking, fiber–matrix debonding, and fiber pull-

out, while average compressive strength decreased from 21.5 MPa at room temperature to 10.8 MPa at 

60 °C. Fiber reinforcement can also increase strain capacity in biomineralized bricks: Liu et al. (2021) 

reported an increase in flexural strain from approximately 1.0% to 2.3% following fiber reinforcement. 

Taken together, the available evidence indicates that biological reinforcement may reduce stiffness 

while increasing deformability and resistance to abrupt cracking. However, full stress–strain curves, 

elastic modulus, peak strain, and post-peak energy absorption remain inconsistently reported. This limits 

quantitative comparison of toughness and ductility across bio-based, bio-derived, and biologically 

fabricated brick systems. 

9.5. Failure Mechanisms 

Failure mechanisms differ markedly among the reviewed brick families because load transfer is 

controlled by different microstructural features. Fired clay and other mineral-dominated bricks generally 

exhibit brittle fracture, with limited deformation after peak load. Increasing biomass-derived porosity 

can intensify this behavior by reducing the effective load-bearing area and introducing stress 

concentrations around pores. In fired biomass-modified bricks, strength loss is therefore commonly 

associated with pore growth, reduced ceramic continuity, and local defects generated during burnout 

(Aouba et al., 2016; Alabduljabbar et al., 2021; Atan et al., 2021). In the sawdust-containing fired bricks 

of Alabduljabbar et al. (2021), higher sawdust contents reduced the number of effective clay–clay 

contacts and produced larger voids, resulting in a more easily crumbled matrix. 

Fiber-reinforced systems exhibit more progressive failure. Before matrix cracking, fibers participate in 

stress transfer through the interface. Once cracks initiate, fiber bridging can restrain crack opening and 

redistribute tensile stresses, thereby increasing flexural resistance and deformation capacity. Zhang et 

al. (2024) showed that sisal fibers changed the response of recycled bricks from a brittle post-peak drop 

toward a more ductile and nonlinear behavior, consistent with crack bridging and stress redistribution. 

As loading progresses, however, failure may shift to interface debonding and fiber pull-out when 

interfacial shear stresses exceed the fiber–matrix bond strength. Pandey et al. (2026) observed vertical 

splitting and wedge-splitting together with increasing fiber pull-out and interfacial debonding, 

particularly after thermal exposure weakened the epoxy matrix. Thus, fiber reinforcement does not 

necessarily prevent fracture but can transform it from sudden brittle failure into a more energy-

dissipative process. 

Biologically fabricated bricks involve different bonding mechanisms. In mycelium-based composites, 

fungal hyphae grow around and between substrate particles, forming an interconnected biological 

network that provides particle bridging, surface adhesion, and mechanical interlocking (Ongpeng et al., 

2020; Zhang et al., 2022). Failure therefore occurs through progressive rupture of the hyphal network, 

separation at hypha–substrate interfaces, and local substrate pull-out rather than through fracture of a 

continuous mineral matrix. Higher colonization and post-growth pressing can increase the number of 

effective contacts and delay this failure process, although direct fracture-mechanism characterization 

remains limited in the current literature. 
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In MICP- and EICP-based bricks, load transfer is provided primarily by calcium-carbonate precipitates 

that form mineral bridges at particle contacts. Failure initiates when these contact-scale bonds fracture 

or detach from the granular substrate, after which cracks propagate through weakly cemented regions 

or along non-uniformly mineralized interfaces (Bernardi et al., 2014; Cheng et al., 2020; Arab et al., 

2021). Fiber reinforcement can further modify this mechanism by bridging cracks between mineralized 

particles and increasing strain capacity, as demonstrated for fiber-reinforced MICP bio-bricks (Liu et 

al., 2021). Failure behavior can therefore be interpreted as a progression from brittle matrix fracture → 

fiber-mediated crack bridging and pull-out → biological-network rupture → mineral-bond fracture, 

depending on the dominant material architecture and binding mechanism. 

9.6. Influence of Bio-Content 

The influence of bio-content on mechanical performance is strongly dependent on the role of the 

biological constituent. In fired clay systems, increasing biomass content generally reduces compressive 

strength because the organic phase burns out and leaves additional pores within the ceramic matrix. This 

trend is evident for wheat straw and olive stone flour, where increasing biomass content progressively 

reduced compressive strength as porosity increased (Aouba et al., 2016), and for sawdust-modified 

bricks, where 4 and 8 wt% additions reduced compressive strength by approximately 22% and 48%, 

respectively (Alabduljabbar et al., 2021). Similar behavior was observed for hazelnut-shell/red-mud 

bricks, although higher firing temperature partly compensated for the loss through enhanced 

densification and vitrification (Atan et al., 2021). 

In fiber-reinforced and binder-modified systems, the relationship may be non-monotonic. Low-to-

moderate fiber contents can improve crack bridging, flexural resistance, and post-cracking behavior, 

whereas excessive fiber addition increases porosity, promotes agglomeration, and weakens matrix 

continuity. Zhang et al. (2024), for example, obtained maximum compressive strength at 1 vol% sisal 

fiber, while higher contents reduced strength despite continued gains in flexural performance. A similar 

balance is evident in kenaf-core cement bricks: increasing kenaf content reduced strength markedly, but 

the addition of cellulose-based bio-adhesive partly restored interfacial bonding and compressive 

resistance (Kamar et al., 2025). 

For mycelium and biomineralized bricks, “bio-content” cannot be interpreted simply as a mass or 

volume fraction. In mycelium composites, strength depends on the combined effects of substrate 

fraction, spawn content, growth duration, particle-size distribution, and post-growth pressing. Waskar 

and Anadinni (2026), for instance, obtained their highest compressive strength with the lower end of the 

tested bagasse range combined with higher spawn content and stronger pressing, indicating that greater 

biological feedstock content does not necessarily produce greater mechanical performance. In 

MICP/EICP systems, mechanical development is governed more directly by treatment intensity and the 

amount and distribution of carbonate precipitation than by conventional bio-content. The recurring trend 

is that increasing biological content enhances lightweighting and, in many cases, thermal performance, 

but mechanical performance reaches an optimum only when pore formation, interfacial bonding, and 

matrix continuity remain adequately balanced. 

9.7. Structural and Non-Structural Suitability 

A central finding of the reviewed literature is that “bio-brick” does not describe a mechanically uniform 

class of masonry units. As shown in Table 3, reported compressive strengths span from well below 1 

MPa in highly porous lightweight systems to more than 30 MPa in fiber-reinforced cementitious or fired 

ceramic bricks. This wide range arises because the term encompasses fundamentally different material 

architectures, including unfired lignocellulosic composites, fired pore-engineered ceramics, polymer 

biocomposites, mycelium-bound units, and biomineralized granular materials. Direct classification 

based solely on biological origin is therefore inappropriate. 

Some systems attain strength levels compatible with conventional masonry applications. Sisal-

reinforced recycled-aggregate bricks reached 36.2 MPa, while fired olive-stone-flour bricks achieved 

30.5 MPa and wheat–rice fiber epoxy bricks 21.5 MPa (Aouba et al., 2016; Zhang et al., 2024; Pandey 

et al., 2026). Other materials occupy an intermediate range. Kenaf-core cement bricks with bio-adhesive 

reached 10.22 MPa, while hazelnut-shell/red-mud fired bricks achieved approximately 9.12 MPa 
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measured strength for the high-waste formulation (Kamar et al., 2025; Atan et al., 2021). These materials 

may be suitable for masonry applications depending on the applicable standard, unit geometry, 

durability, and loading conditions. 

At the lower-strength end, highly porous mycelium, biochar, and some high-biomass unfired systems 

are more appropriately regarded as non-load-bearing, partition, infill, or insulation materials. Mycelium-

bound bagasse bricks, for example, reached a maximum compressive strength of 1.85 MPa and were 

explicitly positioned for non-structural insulation, partition walls, and filler applications (Waskar & 

Anadinni, 2026). Their lower strength is accompanied by very low density and thermal conductivity, 

illustrating that mechanical performance is often intentionally traded for lightweighting and insulation. 

Accordingly, compressive strength alone should not be used to label a bio-brick as structural. Structural 

suitability also requires consideration of specimen size and test method, flexural and tensile behavior, 

moisture sensitivity, durability, dimensional stability, fire performance, and compliance with masonry 

standards. The very large variation in Table 3 therefore supports treating bio-based, bio-derived, and 

biologically fabricated bricks as distinct engineering material classes with different application 

envelopes, rather than as interchangeable sustainable substitutes for conventional masonry. 

 

10. Thermal and Thermophysical Performance 

Thermal performance is one of the principal motivations for incorporating biological and bio-derived 

constituents into masonry units. Across the reviewed literature, the most consistent effect is a reduction 

in thermal conductivity associated with lightweighting and increased pore volume. In its simplest form, 

the recurring relationship can be expressed as  

𝜌 ↓ ⇒ 𝑘 ↓ 

where 𝜌 is bulk density and 𝑘 is thermal conductivity. As shown in Table 4, this trend is evident across 

fired biomass-modified ceramics, unfired biocomposites, biochar-containing bricks, and mycelium-

bound materials. However, density alone does not determine heat transfer. Pore size, connectivity, 

moisture content, mineral composition, interfacial structure, firing-induced vitrification, and the 

intrinsic conductivity of the constituent phases can produce substantial variation between materials of 

similar density. 

Thermal conductivity is by far the most frequently reported thermophysical parameter. In fired clay 

bricks, biomass generally functions as a pore-forming agent after combustion. Aouba et al. (2016) 

showed that 5 wt% wheat straw reduced density to 1660 kg/m³ and thermal conductivity to 0.36 

W/(m·K), compared with approximately 1977 kg/m³ and 0.52 W/(m·K) for the reference clay. Olive 

stone flour produced a smaller conductivity reduction at comparable biomass content, demonstrating 

that feedstock morphology and resulting pore-size distribution are important in addition to total porosity. 

Similarly, Atan et al. (2021) reduced conductivity from 0.76 to 0.45 W/(m·K) by incorporating 10 wt% 

hazelnut shell and 30 wt% red mud, while density fell from approximately 1770 to 1420 kg/m³. 

The range in Table 4 is very wide, from approximately 0.45 W/(m·K) for a porous fired ceramic 

containing hazelnut-shell/red-mud waste to only 0.026 W/(m·K) for the optimized mycelium–bagasse 

composite. The latter combines extremely low density with a highly porous lignocellulosic structure and 

closed-cell refinement induced by biological growth and pressing. The eggshell-based ceramic system 

also achieved a relatively low conductivity of 0.27 W/(m·K) at a density of 1.4 g/cm³, illustrating that 

thermally favorable performance can also arise from mineral transformation rather than retained 

lignocellulosic porosity. Mushroom-waste clay bricks provide another clear density–conductivity 

relationship: at 15% waste content, density decreased from 1922 to 1419 kg/m³ while conductivity 

decreased from 0.77 to 0.293 W/(m·K). 

Thermal diffusivity, 𝛼, describes the rate at which a temperature disturbance propagates through a 

material and depends jointly on thermal conductivity, density, and specific heat capacity. It is 

considerably less frequently reported than conductivity. This gap is important because two materials 

with similar 𝑘 values may respond differently under transient thermal loading. Chitosan-modified fired 

bricks illustrate this distinction: increasing porosity and reducing density lowered both conductivity and 
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diffusivity, with reported diffusivity values decreasing approximately from 0.314 to 0.213 mm²/s across 

the studied compositions (Shahat & Soliman, 2025). Measurements on adobe and related natural-fiber 

composites similarly demonstrate that conductivity and heat capacity must be considered together when 

estimating diffusivity and thermal response. 

 

Table 4. Representative thermal-conductivity performance of bio-based, bio-derived, and biologically 

fabricated brick systems 

Study Bio-source Matrix 
Density 

(kg/m³) 
Bio-content 

k 

(W/m·K) 
Test method 

Aouba et al. 

(2016) 

Wheat straw Fired clay 1660 5 wt% 0.36 Asymmetric hot-

plate / effusivity  

Atan et al. 

(2021) 

Hazelnut shell + red 

mud 

Fired clay 1420 10% HS + 30% 

RM 

0.45 Modified transient 

plane source 

Ibrahim et al. 

(2022) 

Eggshell Zeolite-poor 

ceramic 

1400 20 wt% 0.27 NR 

Elhady et al. 

(2025) 

Mushroom waste Clay brick 1419 15% 0.293 NR 

Shahat & 

Soliman (2025) 

Chitosan Fired clay 1840→ 

1290 

0–8% 0.342→ 

0.233 

NR 

Jaramillo et al. 

(2025b) 

Coffee-husk lignin 

+ bovine excreta 

Cementitious NR 225 g lignin + 

315 g excreta 

≈0.19 NR 

Paul et al. 

(2026) 

Paddy-stubble 

biochar/powder 

Lime-based 750→ 

500 

PSB 35–55% 0.181→ 

0.172 

NR 

Waskar & 

Anadinni (2026) 

Bagasse + 

mycelium 

Mycelium 

composite 

475–

490* 

70 vol% bagasse 

+ 10 wt% spawn 

0.026 Steady-state heat-

flow method 

*Density range reported for the high-performing M10–M12 formulations; an individual M12 density was not 

isolated. NR = not reported in the available source information. 

 

Specific heat capacity is even less systematically characterized. Nevertheless, it is critical for assessing 

heat-storage capacity and therefore thermal inertia. Bioaggregates can exhibit relatively high specific 

heat compared with many dense mineral phases, although their lower density may offset this benefit 

when heat storage is expressed volumetrically. For example, hemp–lime composites have been reported 

with specific heat capacities of approximately 1250–1557 J/(kg·K) and conductivities of 0.087–0.10 

W/(m·K). Et-Tanteny et al. (2025) also explicitly evaluated specific heat capacity in biopolymer-

modified unfired clay bricks, highlighting the need to assess heat-storage properties together with 

conductivity rather than treating 𝑘 as the sole thermal-performance indicator. 

At component and wall scales, thermal resistance integrates material conductivity with thickness and 

geometry. Consequently, low-conductivity biocomposites can provide substantial resistance when 

incorporated into sufficiently thick or hollow masonry systems. Harb et al. (2023), for example, 

combined numerical analysis with a 1 × 1 m experimental wall built from starch/beet-pulp composite 

bricks. Equivalent thermal resistances of approximately 1.10–1.22 m²·K/W were obtained, and a 23 °C 

temperature difference applied for 7 h produced only about a 3 °C variation at the opposite wall surface. 

These results also demonstrate why material-scale conductivity values cannot be directly equated with 

wall-scale thermal performance, which additionally depends on brick geometry, cavities, joints, wall 

thickness, and surface heat-transfer conditions. 

Thermal inertia describes the ability of the wall system to absorb, store, and subsequently release heat. 

It therefore depends on the combined effects of density, specific heat, conductivity, and wall thickness. 

Lightweighting usually decreases volumetric heat capacity because the amount of solid matter per unit 

volume is reduced. Thus, a very low-density brick may provide excellent insulation but lower sensible 

heat-storage capacity than a dense ceramic unit. This distinction becomes especially important in 

climates with large diurnal temperature fluctuations. Bio-derived PCMs provide an alternative 
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mechanism by adding latent rather than solely sensible heat storage. Biochar-supported PCM 

incorporated into masonry has been shown to delay heat transmission and reduce indoor temperatures, 

while PCM-filled AAC bricks produced reductions in inner-surface temperature of approximately 3 °C 

in transient analyses. Biochar-supported PCM walls have likewise produced indoor-temperature 

reductions of up to 5.8 °C and substantial simulated cooling-energy savings. 

Dynamic thermal behavior is more directly represented by time lag and decrement factor. Time lag 

measures the delay between an exterior temperature fluctuation and the corresponding interior response, 

whereas the decrement factor describes attenuation of the temperature-wave amplitude through the wall. 

These parameters remain uncommon in the bio-brick literature, but available studies indicate that 

biological modification can improve both. Et-Tanteny et al. (2025), for example, reported through 

TRNSYS simulations a 9.74% increase in time lag and a 16% reduction in decrement factor for 

biopolymer-modified unfired clay bricks. Such dynamic indicators are particularly valuable because 

they connect material properties to actual building-envelope performance more directly than steady-

state conductivity alone. 

Across all systems, pore architecture provides the principal link between bio-content, density, and 

thermal transport. Air-filled pores interrupt solid conduction paths, so increased porosity generally 

lowers both density and conductivity. This explains the recurring trend  
𝜌 ↓ ⇒ 𝑘 ↓. Nevertheless, the relationship is not universal or uniquely defined. Aouba et al. (2016) 

demonstrated that wheat-straw and olive-stone-flour bricks with similar densities could exhibit different 

conductivities because their pore-size distributions differed. Atan et al. (2021) similarly showed that 

higher firing temperature partly closed pores through densification, producing simultaneous increases 

in density, conductivity, and mechanical strength. More broadly, mineral phases such as quartz and Ca-

rich silicates, pore connectivity, specific surface area, retained moisture, and the distinction between 

open and closed porosity can all shift thermal conductivity independently of bulk density. 

Accordingly, thermal performance should be interpreted through the same processing–microstructure–

property–application framework used for mechanical behavior. Biological additions can improve 

insulation through lightweighting and pore formation, but an optimum building material must balance 

conductivity with heat capacity, moisture response, mechanical integrity, and dynamic thermal 

performance. The available literature is already comparatively mature with respect to thermal 

conductivity, whereas thermal diffusivity, specific heat capacity, thermal inertia, time lag, and 

decrement factor remain much less consistently reported, representing an important gap for future 

comparative evaluation of bio-based masonry systems. 

 

11. Durability and Service-Life Performance 

Durability remains one of the least consistently characterized aspects of bio-based brick research. 

Moisture-related deterioration is particularly important because lignocellulosic constituents, open pore 

networks, and weakly stabilized matrices can promote water ingress, swelling, interface degradation, 

and surface erosion. This limitation is especially evident in biomineralized systems. MICP bio-bricks 

have been reported to exhibit relatively low water resistance, while fiber reinforcement and repeated 

MICP treatment substantially improved resistance to accelerated water erosion by strengthening the 

cemented particle network and bridging developing cracks (Liu et al., 2021). In compressed-earth 

systems, water durability also depends strongly on stabilizer chemistry and pore structure. Boussaa et 

al. (2023), for example, found different capillary-water responses for bricks containing two wood-

biomass ashes, demonstrating that nominally similar bio-derived additives can produce different 

moisture resistance because of their mineralogical composition and resulting microstructure. 

Wet–dry cycling and freeze–thaw resistance are much less frequently investigated than initial water 

absorption. These mechanisms are nevertheless critical because repeated moisture expansion, drying 

shrinkage, and ice formation can progressively enlarge pores and interfacial cracks. Reviews of unfired 

bricks identify wet–dry and freeze–thaw resistance as key durability indicators, but reporting remains 

inconsistent across bio-based formulations. The problem is particularly pronounced for highly porous 

mycelium composites. Recent masonry-scale mycelium studies still characterize mainly short-term 
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mechanical, moisture, and thermal properties, while cyclic wetting–drying, freeze–thaw resistance, 

biodegradation, and environmental weathering remain untested. 

Salt crystallization and efflorescence provide additional indicators of moisture-mediated durability. 

MICP-produced bricks tested by Cheng et al. (2020) exhibited approximately 10% water absorption and 

only about 0.5 g mass loss under salt attack, indicating that sufficiently developed carbonate cementation 

can provide reasonable resistance to saline exposure. Efflorescence is reported more sporadically. Bio-

briquette-ash bricks have been evaluated against Indian Standard requirements for efflorescence and 

general durability (Sakhare & Ralegaonkar, 2016), while paddy-stubble-biochar bricks showed no 

visible salt deposits in the reported efflorescence test. These observations are useful, but they remain 

insufficient to establish long-term salt-crystallization resistance under repeated exposure. 

Biological deterioration is more specific to systems in which organic matter remains in the final product. 

Retained fibers, starches, lignocellulosic aggregates, and fungal matrices can be susceptible to moisture-

assisted decay, microbial colonization, or loss of interfacial integrity. Mycelium composites present a 

particular paradox because biodegradability is environmentally attractive at end of life but potentially 

problematic during service. Existing reviews therefore identify high water absorption, weathering 

susceptibility, and uncertain long-term durability as major barriers to wider construction use. Evidence 

for resistance to unwanted biological attack is still limited. Fernández et al. (2025) reported a citrus-

peel/mycelium composite with added resistance to biodeterioration and insect-repellent activity 

associated with residual limonene, but such results should not be interpreted as establishing general 

fungal or mold resistance for mycelium-based bricks. 

Environmental safety is particularly important when biological materials are combined with industrial 

residues containing potentially hazardous elements. Atan et al. (2021) evaluated this issue by subjecting 

both the reference and highest-waste brick formulations to TCLP leaching tests followed by ICP-MS 

analysis. For bricks containing 10% hazelnut shell and 30% red mud, the measured concentrations of 

Cr, Ni, Cu, Zn, As, Cd, Ba, Hg, and Pb remained below the relevant regulatory limits, indicating 

effective immobilization of potentially hazardous constituents during firing. These results suggest that 

the ceramic matrix can retain red-mud-associated heavy metals, allowing firing to contribute 

simultaneously to waste valorization and reduced leaching risk. 

The durability evidence is substantially weaker than the mechanical and thermal evidence. Most studies 

rely on short-duration water absorption, capillary uptake, isolated salt or efflorescence tests, or 

laboratory-scale accelerated exposure. Long-term outdoor weathering, repeated wet–dry and freeze–

thaw cycling, biological degradation, fungal or mold resistance, sustained salt crystallization, and aging-

related strength retention are rarely investigated systematically. The service-life performance of many 

bio-based bricks therefore remains uncertain even when initial strength and thermal properties are 

promising. Future work should move from short-term property screening toward multi-cycle accelerated 

aging, outdoor exposure, residual-property testing, and leaching assessment before and after aging, 

allowing durability to be evaluated as part of the full processing–microstructure–property–service-life 

relationship. 

 

12. Fire and High-Temperature Performance 

Fire performance varies fundamentally with whether the biological constituent remains in the finished 

brick or is eliminated during processing. In fired clay systems, lignocellulosic additives are largely 

decomposed and combusted during firing, leaving a porous mineral skeleton. Their principal influence 

on subsequent fire behavior is therefore indirect, through the pore structure and ceramic matrix. In 

unfired lignocellulosic, polymeric, biochar, and mycelium systems, however, combustible organic 

phases remain and may contribute to ignition, flame spread, charring, and loss of mechanical integrity. 

Direct standardized measurements of ignition time, flame spread, heat-release rate, and smoke 

production are nevertheless uncommon in the reviewed brick literature. 

Thermal decomposition follows the chemistry of the retained bio-component. Lignocellulosic materials 

undergo moisture release followed by degradation of hemicellulose, cellulose, and lignin over 

progressively higher temperature ranges. In palm-shell/clay composites, thermal analysis identified 
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moisture loss near 188 °C, major cellulose degradation around 314 °C, and subsequent mineral 

transformations above 500 °C (Claudel et al., 2025). Such transformations can increase porosity, disrupt 

interfaces, and reduce load transfer when the organic phase remains important to the material 

architecture. 

Available high-temperature mechanical evidence confirms this sensitivity. Pandey et al. (2026) reported 

a decrease in compressive strength of wheat–rice fiber/epoxy bricks from 21.5 MPa at room temperature 

to approximately half that value at 60 °C, associated with polymer softening, interface degradation, and 

fiber pull-out. Mineral matrices can provide substantially greater thermal protection by isolating or 

encapsulating biological constituents. Similarly, surface protection can improve performance: plastered 

paddy-stubble-biochar bricks showed better fire resistance than unprotected specimens, indicating that 

mineral coatings can act as thermal barriers and delay direct exposure of combustible phases (Paul et 

al., 2026). 

The largest uncertainty concerns highly organic and biologically fabricated materials. Mycelium and 

lignocellulosic bricks possess low density and favorable insulation properties, but their retained organic 

content makes fire safety a critical design constraint. Recent mycelium-brick studies explicitly 

acknowledge that fire resistance has not been adequately evaluated alongside mechanical and thermal 

performance. Consequently, low thermal conductivity should not be interpreted as evidence of adequate 

fire resistance. Wider construction use will require standardized assessment of ignitability, flame spread, 

heat and smoke release, char formation, residual strength after heating, and the effectiveness of mineral 

binders, coatings, or other fire-protection strategies. 

 

13. Environmental Sustainability and Circularity 

The environmental case for bio-based bricks rests primarily on waste valorization, substitution of virgin 

mineral resources, and avoidance or reduction of energy-intensive processing, but these benefits are 

highly route-dependent. Agricultural residues, food-processing wastes, biomass ash, biochar, and other 

secondary resources can displace clay, sand, aggregates, or conventional binders and divert wastes from 

disposal (Türkan et al., 2026; Öncül et al., 2025; Çevik & Diambu, 2024; Diambu & Çevik, 2024). 

However, waste incorporation alone does not establish environmental superiority. Fired bio-derived 

bricks still require kiln energy, cementitious systems retain impacts associated with clinker production, 

and polymer-bound composites may introduce substantial embodied impacts despite high agricultural-

waste contents. Consequently, environmental performance should be assessed independently from the 

mechanical datasets discussed earlier. 

The strongest advantage generally occurs where biological feedstocks are combined with low-

temperature or unfired production. Mycelium-based and other biologically fabricated systems avoid 

conventional ceramic firing and cement clinker production, but their environmental burdens are not 

negligible. Stelzer et al. (2021) showed that electricity for sterilization, incubation, and drying accounted 

for 81.4% of the climate-change impact of fungal composite bricks, demonstrating that low processing 

temperature does not automatically imply low energy demand. Waskar and Anadinni (2026) reported a 

cradle-to-gate GWP of approximately 32 kg CO₂-eq/m³, compared with about 180 kg CO₂-eq/m³ for 

fired clay bricks, largely because kiln firing and clinker production were avoided. These results are 

promising but remain sensitive to electricity source, drying strategy, transport distances, and production 

scale. 

Life-cycle comparisons require particular caution regarding functional units and system boundaries. 

Many studies are cradle-to-gate and therefore omit service life, maintenance, replacement, demolition, 

and end-of-life treatment. Waskar and Anadinni (2026), for example, used a functional unit of 1 m³ and 

included raw-material collection, substrate processing, inoculation, incubation, drying, and pressing, 

while comparison data for conventional materials came from secondary databases. The authors also 

acknowledge that their LCA relies on laboratory-scale assumptions that may differ under industrial 

production. Comparisons based only on mass or volume can therefore favor very lightweight materials 

even when their load-bearing capacity, durability, or replacement frequency differs. Performance-

equivalent functional units are preferable where possible. 
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Biogenic carbon introduces another methodological issue. Carbon incorporated in retained biomass, 

mycelium, or biochar may remain temporarily stored within the building, whereas biomass used as a 

pore former in fired bricks is largely oxidized during manufacture and should not be treated as long-

term carbon storage. Likewise, biodegradation or combustion at end of life can return stored biogenic 

carbon to the atmosphere. Carbon-storage claims therefore depend on service life, end-of-life scenario, 

and accounting method and should not be presented as an intrinsic property of all bio-based bricks. 

Circularity is similarly matrix-dependent. Unfired lignocellulosic and mycelium materials may offer 

potential for reuse or biodegradation, provided mineral coatings, synthetic resins, or chemical treatments 

do not prevent biological recovery. Fired clay and hybrid mineral bricks are more realistically reused as 

units or recycled as crushed ceramic/mineral material, while cementitious composites may be 

downcycled as aggregate. Separation and recovery become more difficult in polymer-bound and highly 

hybridized systems. Thus, greater bio-content does not necessarily mean greater circularity. The most 

credible circular-economy pathways combine secondary-feedstock use, minimal virgin-resource 

demand, low-impact processing, adequate service life, and a defined end-of-life route. Dedicated LCA 

studies and broader circular-material reviews should therefore be used to evaluate these claims 

separately from laboratory strength or thermal-performance studies, rather than assuming environmental 

benefit from material origin alone. 

 

14. Economic Feasibility and Scalability 

Economic feasibility depends less on the nominal price of the bio-feedstock than on the complete 

processing chain required to convert it into a consistent masonry material. Agricultural and industrial 

residues may be inexpensive or locally available, reducing transport and virgin-material demand. 

Locally sourced clay, biomass, rice husk, sawdust, and similar residues are therefore attractive where 

stable regional supplies exist. However, collection, sorting, washing, drying, grinding, fiber treatment, 

sterilization, and storage can offset the apparent raw-material advantage. Agricultural-waste reviews 

consequently identify feedstock variability, moisture sensitivity, preprocessing, and scalability as 

persistent barriers to industrial application. 

Production energy is similarly route-dependent. Unfired systems can avoid kiln firing, but biological 

processing may introduce other energy-intensive stages. For mycelium composites, sterilization, 

incubation, and drying were identified as major environmental and energy burdens, while laboratory-to-

industrial scale-up substantially reduced impacts through improved process efficiency (Stelzer et al., 

2021). Mycelium manufacture also requires controlled growth periods, moisture regulation, and post-

growth densification, introducing longer production cycles and biological variability than conventional 

brick forming. Fired bio-derived bricks face a different constraint: biomass burnout must be 

accommodated within industrial kiln schedules without incomplete combustion, cracking, or 

unacceptable production delays. Experimental sawdust bricks, for example, required specific staged 

drying and firing programs up to 850 °C, illustrating that waste incorporation may require modification 

of established ceramic-processing conditions. Industrial adoption of such waste additions nevertheless 

remains limited in some existing brick-production contexts. 

Economic benefits can also arise during building operation when lower thermal conductivity reduces 

heating or cooling demand. Elhady et al. (2025) reported that walls incorporating 15% mushroom-waste 

bricks reduced annual cooling demand by 12.4%. A roughly 2% increase in initial cost was offset by 

estimated annual energy savings of 15.3–17.2%, with projected 10-year cost reductions of 12.5–15.6%. 

In a different multifunctional approach, biocomposite PCM walls reduced annual cooling demand by 

31.4% and produced an estimated dynamic payback period of approximately 9 years. Such results are 

strongly climate-, energy-price-, wall-design-, and service-life-dependent and therefore should not be 

generalized to bio-bricks as a whole. 

Scale-up barriers differ by technology. Mycelium systems require sterile or controlled cultivation, 

incubation space, drying, and management of biological variability. Natural-fiber bricks require 

reproducible fiber size, moisture content, treatment, and dispersion. MICP/EICP systems face reagent, 

delivery, and processing-time requirements, particularly because repeated mineralization treatments 
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generally increase strength and durability, implying additional material and operational demand. Long 

curing periods can similarly reduce production throughput in cementitious and unfired systems. 

Ultimately, commercialization requires consistent feedstock quality, year-round supply, standardized 

preprocessing, compatibility with existing production lines, predictable curing or growth times, and 

demonstrable cost advantage at industrial rather than laboratory scales. Economic assessments remain 

much less common than mechanical or thermal studies, so current claims of low cost and scalability 

should generally be regarded as preliminary until validated through pilot-scale production and full 

techno-economic analysis. 

 

15. Optimization, Numerical Modeling and Machine Learning 

Optimization and predictive modeling are becoming increasingly important because bio-based brick 

performance is governed by interacting variables rather than bio-content alone. Feedstock fraction, 

particle size, fiber treatment, binder content, moisture, compaction, curing, firing temperature, 

biological-growth conditions, and treatment cycles can simultaneously affect strength, density, water 

absorption, and thermal performance. Accordingly, design of experiments (DoE) and mixture-design 

approaches provide a more efficient alternative to one-factor-at-a-time testing. Jaramillo et al. (2025a, 

2025b), for example, used mixture design and Response Surface Methodology (RSM) to optimize 

cement–lignin–bovine-excreta formulations across multiple performance responses. Ganasen et al. 

(2024) similarly applied RSM-based machine-learning optimization to bio-sandcrete brick modeling. 

RSM is particularly useful for identifying factor interactions, constructing response surfaces, and 

locating optimum compositions within a defined experimental domain. Artificial Neural Networks 

(ANNs) can represent more nonlinear relationships without prescribing a polynomial response form. 

Nakkeeran et al. (2024), using groundnut-shell contents between 20 and 60%, applied both approaches 

to predict compressive strength, density, and water absorption. Reported 𝑅2 values exceeded 0.88 for 

RSM and 0.99 for ANN. These high values demonstrate fitting capability within the investigated dataset, 

but they should not automatically be interpreted as evidence of general predictive performance. 

Waskar and Anadinni (2026) provide an especially instructive comparison. Their mycelium–bagasse 

brick study incorporated bagasse content, particle-size distribution, spawn content, moisture, cultivation 

duration, pressing pressure, and density into the modeling framework. Quadratic RSM models produced 

𝑅2 values of 0.997–1.000 for compressive strength, water absorption, sorptivity, and thermal 

conductivity, whereas the ANN produced only 𝑅2=0.327. Importantly, the authors themselves noted 

that the near-perfect RSM values may indicate overfitting associated with limited dataset variability. 

The ANN results likewise illustrate that model convergence does not guarantee strong predictive ability 

when experimental data are noisy or insufficient. 

Numerical modeling also extends experimental material properties to component and building scales. 

Atan et al. (2021) incorporated experimentally measured thermal conductivities into an ANSYS Fluent 

model of a perforated brick, thereby accounting for both material conductivity and brick geometry rather 

than relying on solid-specimen measurements alone. At the building scale, Elhady et al. (2025) used 

Grasshopper/Ladybug simulations to translate mushroom-waste-induced changes in density and 

conductivity into cooling-energy performance, predicting a 12.4% reduction in annual cooling demand 

for the selected wall configuration. Et-Tanteny et al. (2025) used TRNSYS to evaluate time lag and 

decrement factor, while biocomposite PCM brick studies have used EnergyPlus to estimate whole-

building cooling-energy reductions. 

Despite this progress, the present modeling literature is constrained by small experimental datasets, 

unusually high in-sample 𝑅2 values, limited external validation, inconsistent input variables, and strong 

material specificity. Models trained on one biomass, matrix, curing regime, or geographical feedstock 

cannot be assumed transferable to another because particle morphology, chemistry, moisture sensitivity, 

and interface behavior differ substantially. Random train–test splitting of specimens derived from the 

same experimental campaign may also overestimate generalization compared with validation using 

independent batches, laboratories, or feedstocks. Predictive accuracy should therefore be demonstrated 

through cross-validation and external experimental datasets rather than goodness-of-fit statistics alone. 
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Future optimization should consequently move beyond maximizing a single response. The principal 

design problem is inherently multi-objective, requiring simultaneous balancing of compressive strength, 

thermal conductivity, density, moisture resistance, durability, bio-content, production energy, cost, and 

environmental impact. Coupling experimentally validated surrogate or machine-learning models with 

multi-objective optimization could therefore identify Pareto-optimal formulations rather than a single 

nominal “optimum.” Such frameworks would be particularly valuable for resolving the recurring trade-

off between lightweighting and insulation on one side and mechanical and durability performance on 

the other. 

 

16. Conclusions 

This review shows that bio-based bricks cannot be interpreted as a single material class or through a 

simple waste-substitution perspective. The principal conclusions are as follows: 

1. Bio-based, bio-derived, and biologically fabricated bricks represent fundamentally different 

technological families. Fiber-reinforced earth bricks, agricultural-waste composites, pore-

engineered fired ceramics, biopolymer-modified bricks, mycelium composites, biomineralized 

units, and multifunctional systems rely on different matrices, bonding mechanisms, and 

manufacturing routes. Their performance should therefore be assessed within clearly defined 

material architectures rather than under the generic label of “bio-brick.” 

2. Processing route is as important as biological feedstock. Biomass may remain as reinforcement, 

burn out as a pore former, be converted into biochar, or serve as a substrate for biological 

growth. Compaction, fiber treatment, firing, pyrolysis, fungal cultivation, and MICP/EICP 

treatment therefore strongly govern final performance. The most useful interpretive framework 

is processing → microstructure → properties → application. 

3. Porosity is the central microstructural mediator linking bio-content with physical, thermal, 

mechanical, and moisture-related behavior. Increasing bio-content often lowers density and 

increases porosity through retained low-density biomass, interfacial voids, or biomass burnout. 

This generally reduces thermal conductivity but may also weaken matrix continuity and increase 

water uptake. Pore size, connectivity, and morphology are therefore as important as total 

porosity. 

4. Thermal improvement frequently involves mechanical or moisture-related trade-offs. Lower 

density and thermal conductivity are often accompanied by reduced compressive strength, 

stiffness, or water resistance. Optimized interfaces, controlled fiber contents, ceramic 

densification, mineral precipitation, and hybrid binders can partly mitigate these penalties. The 

key design objective is therefore not maximum bio-content, but an appropriate balance among 

insulation, strength, moisture resistance, and durability. 

5. Many current bio-based bricks are better suited to non-load-bearing and envelope applications 

than to primary structural masonry. Reported compressive strengths range from below 1 MPa 

to above 30 MPa, confirming that these materials are not mechanically equivalent. Lightweight 

partitions, infill walls, thermal and acoustic insulation, and multifunctional envelopes therefore 

represent the most immediate applications for many systems. 

6. Mycelium and biomineralization introduce genuinely new manufacturing paradigms. Mycelium 

provides cohesion through hyphal growth, whereas MICP and EICP form mineral bonds 

through carbonate precipitation. These routes offer low-temperature or cement-reduced 

alternatives but remain constrained by biological variability, processing time, reagent demand, 

moisture sensitivity, treatment uniformity, and uncertain long-term durability. 

7. Evidence becomes substantially weaker beyond laboratory-scale material characterization. 

Strength, density, water absorption, and thermal conductivity are widely reported, whereas long-

term durability, fire behavior, wall-scale performance, building-energy response, life-cycle 

impacts, economics, and end-of-life remain much less studied. Sustainability claims should 



157 

 

therefore be treated cautiously unless supported by appropriate functional units, service-life 

assumptions, and scale-relevant data. 

8. Future research should move from single-property waste substitution toward performance-

balanced and standardized masonry systems. Mechanical, thermal, hygrothermal, durability, 

fire, environmental, and economic performance should be evaluated within integrated 

frameworks. Multi-objective optimization, larger datasets, external validation, standardized 

testing, pilot-scale production, and building-scale demonstrations will be essential for 

converting biological resources into predictable masonry systems with clearly defined 

application envelopes. 
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