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Abstract
The ongoing security challenges in northeast Nigeria underscore the urgent need for innovative and sustainable solutions in defense infrastructure and protective technologies. This paper explores the potential of biobased polymers, derived from renewable resources such as proteins, cellulose, and plant starches, for use in military and security applications. Biobased polymers offer distinct advantages, including superior mechanical properties, thermal stability, and environmental sustainability, making them suitable for protective gear, surveillance equipment, and structural reinforcements. Case studies, such as protein-based shock-absorbing materials and cellulose-derived energetic polymers, demonstrate significant progress in the field. Additionally, advancements in synthesis techniques, including recombinant protein engineering and nanocomposite formation, have expanded the functionality of biobased polymers to meet the stringent demands of defense applications. While challenges related to large-scale production and cost remain, the continued evolution of these materials points to their increasing role in fostering resilient and sustainable defense solutions. This work emphasizes the importance of further research and cross-industry collaboration to harness the full potential of biobased polymers for security applications.
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Introduction
The security challenges in northeast Nigeria, intensified by insurgent activities, inadequate infrastructure, and environmental vulnerabilities, have created an urgent need for resilient, sustainable solutions in defense and infrastructure [1]. Frequent attacks on infrastructure and the region's exposure to harsh climate conditions have further increased the demand for durable, adaptable materials capable of withstanding adverse environments [2]. As conflict continues to destabilize communities, protecting civilians and enhancing defense capabilities has become a top priority for both local and international stakeholders.
While traditional security efforts focus on personnel and technological reinforcements, material science is increasingly recognized as crucial to defense strategies, especially in areas like protective gear, infrastructure reinforcement, and surveillance technology. Advances in this field highlight the essential role of lightweight, high-strength composites and polymer-based materials in protective armor, remote surveillance systems, and transportation, directly enhancing the durability and adaptability of defense operations [3]. However, the materials commonly used—such as metals, ceramics, and synthetic polymers—pose significant environmental challenges. They are often non-biodegradable and reliant on non-renewable resources, making them unsustainable for prolonged use in conflict-prone areas [4].
In recent years, biobased polymers have garnered attention as eco-friendly alternatives for various applications, including medical, packaging, and construction materials, due to their biodegradability, low toxicity, and renewable sourcing [5,6]. Their application in the defense sector, although less explored, shows significant promise. Researchers are investigating the use of biobased polymers for lightweight, durable, and impact-resistant protective equipment and biodegradable casings for surveillance technologies [7,8]. Biopolymers derived from agricultural waste and other local resources present an attractive option for Nigerian defense applications, as they align with sustainability goals and reduce dependency on imported synthetic materials.
Several studies indicate that with appropriate design and processing, biobased polymers can achieve mechanical properties suitable for protective gear, while their biodegradability minimizes the environmental footprint of deployed materials in sensitive areas [9–12]. Moreover, the production of these materials from locally available resources, such as cassava or cocoyam, could create economic opportunities and support community resilience, indirectly contributing to regional security efforts [13,14].
This paper examines the potential for biobased polymers to enhance security efforts in northeast Nigeria through the development of sustainable protective and surveillance applications. By focusing on locally sourced materials and scalable production methods, we aim to provide a blueprint for creating eco-friendly, cost-effective, and resilient materials that meet the unique demands of the region’s security landscape.
2. Overview of Biobased Polymers in Defense and Surveillance Applications
Biobased polymers, sourced from renewable biological materials like plant starches, proteins, and lignocellulosic compounds, are gaining momentum as sustainable alternatives to traditional materials across various industries [15]. Recently, these polymers have attracted considerable attention for defense and surveillance applications, where the demand for materials that combine effectiveness with environmental responsibility is high [16]. This section examines recent advancements in biobased polymers as applied to protective gear, surveillance devices, and structural reinforcements in defense contexts.
Notable studies have underscored the potential of biobased polymers in defense. Research on polymer-based nanocomposites, for example, reveals their suitability for defense materials, offering enhanced mechanical strength, electrical conductivity, and thermal resilience critical for military applications [16]. Collaborative efforts, such as those between Cambium Biomaterials and the U.S. Navy, have further led to the development of biobased, fire-resistant composite materials for aerospace and space transport, addressing advanced material needs in these fields [17].
Additionally, the biodegradability and sustainability of biobased polymers make them especially attractive for defense and surveillance applications, where reducing environmental impact is crucial. Reviews on bio-based sustainable polymers highlight their potential to lower dependency on non-renewable resources and align with ecological goals in defense settings [12]. These developments demonstrate a growing interest in biobased polymers for use in protective gear, surveillance systems, and structural reinforcement, driven by the need for materials that meet both functional and environmental criteria.

2.1 Protective Applications
The defense sector has long relied on materials that are durable, lightweight, and resistant to high-impact forces for use in protective equipment, such as helmets, body armor, and shields. Traditionally, these needs have been met using metals and synthetic polymers, which, although effective, are resource-intensive and often non-biodegradable. Recent studies indicate that biobased polymers can be engineered to meet stringent defense requirements while offering sustainability benefits, such as biodegradability and reduced environmental impact [18].
Biopolymer composites, particularly those reinforced with natural fibers, have shown significant promise in protective applications. For instance, cellulose-reinforced polylactic acid (PLA) composites have been identified as a viable alternative for high-strength, lightweight body armor [19]. PLA, a biopolymer derived from corn starch, is known for its high mechanical strength and low density, making it suitable for protective applications. Additionally, incorporating natural fibers, such as kenaf or flax, into PLA matrices improves impact resistance and flexibility, essential qualities for body armor and helmets [20].
Moreover, polyhydroxyalkanoates (PHAs), another class of biobased polymers, have gained attention for their durability and biodegradability. Recent research indicates that PHA composites can be used in ballistic protection due to their high tensile strength and ability to absorb impact energy [21]. Their biodegradability makes them an ideal choice for temporary protective installations, particularly in conflict zones where waste management systems are often limited [22].
2.2 Surveillance and Sensor Technologies
Surveillance systems are essential components of modern defense strategies, enabling real-time monitoring of conflict zones and enhancing situational awareness. The use of biobased polymers in surveillance and sensor applications is an emerging field that focuses on materials for sensor casings, lightweight drone bodies, and biodegradable camouflage coatings [10,23]. These materials not only provide durability but also minimize environmental impact, an important consideration when deploying equipment in ecologically sensitive areas.
Biopolymers such as polylactic acid (PLA) and poly(butylene succinate) (PBS) have shown potential in constructing lightweight and durable drone structures. PLA is valued for its ease of processing, and drones constructed with PLA frameworks have demonstrated satisfactory performance in surveillance applications, particularly in high-risk zones where equipment recovery may be challenging. Biodegradable sensors housed in PBS casings have been successfully field-tested in remote sensing applications, showing durability in harsh environments while reducing waste accumulation once they are no longer in use [24–26].
Camouflage and stealth technologies also benefit from biobased polymers, as these materials can be engineered to blend seamlessly with natural surroundings while degrading after use. For instance, PLA and lignin-based films have been developed as environmentally friendly, disposable camouflage materials. Studies show that incorporating biodegradable biopolymers in camouflage materials can significantly reduce the ecological footprint of military activities in sensitive regions [10,27].
2.3 Case Studies of Biobased Polymers in Defense Applications
Recent advancements in the use of biobased polymers have demonstrated their substantial potential in military and defense applications. These case studies highlight how innovative biopolymeric materials are addressing the limitations of traditional materials and opening new pathways for defense technologies.
One remarkable example involves the development of talin shock-absorbing materials (TSAMs). Research led by Doolan et al.[28] showcased TSAMs created from recombinant forms of the mechanosensitive protein talin. This protein-based material was engineered to crosslink into a monomeric unit capable of exceptional energy dissipation. In tests involving 1.5 km/s supersonic impacts, TSAMs not only absorbed the energy effectively but also captured and preserved projectiles, presenting significant advancements over current ballistic armor, which often faces limitations in weight, breathability, and durability. This research underscores the promise of biopolymer applications in producing next-generation protective gear that is both lightweight and highly effective.
In another study, Tarchoun et al. [29] focused on synthesizing a new class of high-energy dense biopolymers using nitrogen-rich functional groups, specifically 1H-tetrazol-1-yl acetate and nitrate esters derived from cellulose and its micro-sized form. The synthesized biopolymers, named TNCN and TCMCN, exhibited superior performance metrics, including densities of 1.710 g/cm³ and 1.726 g/cm³, nitrogen contents of 20.95% and 22.59%, and detonation velocities of 7552 m/s and 7786 m/s, respectively. These materials also demonstrated impressive thermal stability and insensitivity to mechanical shocks, marking them as potential candidates for replacing conventional nitrocellulose-based energetic materials. This innovation represents a significant stride in developing safer, high-energy biopolymer-based explosives that align with the sustainability and safety needs of modern defense operations.
Additionally, the exploration of biopolymer-based matrices in optical technologies has shown potential in security and surveillance systems. Sznitko et al. [30] conducted experiments on amplified spontaneous emission (ASE) and random lasing using various luminescent organic molecules embedded within biopolymeric matrices such as poly(methyl methacrylate), poly(N-vinyl carbazole), and polycarbonate. The study revealed that these biopolymer-based matrices could effectively host active dye molecules, contributing to the advancement of lasing technologies with lower degradation rates and improved photostability. Such developments are critical for optical and surveillance devices used in defense, where reliability and longevity are paramount.
These case studies collectively illustrate the transformative potential of biobased polymers in military applications. From energy-absorbing protective materials and environmentally safer high-energy explosives to enhanced optical systems, biobased polymers are proving to be versatile, sustainable, and highly effective in meeting the complex demands of modern defense technologies.
3. Material Selection and Synthesis of Biobased Polymers for Security Applications
The development and utilization of biobased polymers for security and defense applications necessitate a comprehensive understanding of material selection criteria, synthesis methodologies, and performance characteristics. This section explores the critical factors in choosing suitable biobased polymers and the advanced synthesis techniques employed to meet the stringent requirements of security applications.
3.1 Material Selection Criteria for Biobased Polymers
Choosing the right biobased polymer for security purposes involves evaluating several essential properties to ensure efficacy and durability in harsh environments. Key criteria include:
1. Mechanical Strength and Durability: Defense materials must withstand extreme mechanical stresses, such as ballistic impacts or high-pressure scenarios. Polymers like cellulose derivatives, polylactic acid (PLA), and protein-based materials have shown promise due to their ability to be enhanced through composite formation. For instance, cellulose-based composites reinforced with nanomaterials exhibit high tensile strength and toughness, making them suitable for protective armor [31].
2. Thermal Stability: Materials used in defense often encounter high temperatures, especially in applications involving explosive resistance or thermal shielding. Biobased polymers must possess or be modified to exhibit multi-step thermal decomposition, ensuring stability under such conditions. Cellulose nitrates, chemically modified to improve thermal performance, exemplify materials with superior thermal decomposition properties [31].
3. Environmental Impact: The sustainability aspect is integral to material selection, particularly for military operations where long-term ecological consequences are considered. Biobased polymers derived from renewable sources, such as starch, lignin, and proteins, offer an eco-friendly alternative to traditional synthetic polymers. This shift reduces reliance on fossil fuels and mitigates environmental hazards associated with non-biodegradable waste[32].
4. Adaptability and Versatility: The capacity for customization is essential for security applications that may demand unique material properties. Biopolymers with modifiable chemical structures, such as those based on protein sequences or cellulose derivatives, allow for tailored mechanical, optical, and thermal properties [33].
3.2 Synthesis Techniques for Biobased Polymers
The synthesis of biobased polymers tailored for security applications involves advanced techniques designed to optimize their physical and chemical properties. Some of the notable synthesis approaches include:
1. Polymerization and Crosslinking Techniques:
a. Recombinant Protein Synthesis: Proteins engineered for specific functions, such as talin, are synthesized through recombinant DNA technology. This method enables the production of high-purity, tailored proteins that can be crosslinked to create materials with exceptional energy-dissipation properties, as demonstrated by the development of talin shock-absorbing materials [34].
b. Ring-Opening Polymerization (ROP): This method is widely used for synthesizing polylactic acid (PLA) and other biodegradable polymers. ROP ensures the controlled polymerization of monomers, yielding high-molecular-weight polymers suitable for defense coatings and protective layers [35,36].
2. Functionalization and Chemical Modifications:
a. Nitration and Acetylation of Cellulose: The chemical modification of cellulose through nitration and acetylation results in derivatives like nitrocellulose, which possess enhanced energy density and explosive capabilities. Such modifications also improve mechanical sensitivity, making them safer alternatives for explosive formulations [29].
b. Grafting Techniques: Grafting functional groups onto a polymer backbone is a common method to introduce properties such as flame retardancy and impact resistance. This technique is used to create composites that maintain the inherent biodegradability of the base polymer while providing additional security features[37].
3. Nanocomposite Formation:
a. Incorporation of Nanomaterials: Integrating nanoparticles, such as graphene oxide or carbon nanotubes, into biobased polymers can significantly enhance mechanical strength, electrical conductivity, and thermal resistance. These composites have applications in the fabrication of lightweight body armor and electronic surveillance equipment [38,39].
b. Sol-Gel Processing: This synthesis method facilitates the development of hybrid organic-inorganic materials by embedding biopolymers with metallic or ceramic nanoparticles. The resulting composites exhibit increased durability and protective capabilities [40].
4. Advanced Processing Methods:
a. Electrospinning: Electrospinning is used to create ultra-thin polymer fibers with high surface area-to-volume ratios. These fibers can be incorporated into body armor and filtration systems, offering a lightweight yet robust layer of protection. Electrospun biopolymer fibers have demonstrated promising ballistic resistance when combined with nanoparticles or crosslinked proteins[41].
b. 3D Printing and Additive Manufacturing: The advent of 3D printing has enabled the precise fabrication of biopolymer structures with customizable shapes and properties. This approach is particularly beneficial for creating personalized protective equipment and complex structural reinforcements for defense applications [42].
3.3 Challenges and Opportunities
While biobased polymers present exciting opportunities for defense applications, challenges such as scalability, cost, and long-term performance remain. The synthesis of biopolymer composites often involves complex and resource-intensive processes, which can hinder widespread adoption. However, continued research into cost-effective production methods and sustainable sourcing can mitigate these challenges.
Opportunities for future developments include the exploration of biopolymers with self-healing properties, the incorporation of responsive materials that adapt to environmental stimuli, and the use of green chemistry principles to enhance environmental compatibility. Additionally, fostering collaborations between academia, industry, and military research bodies will be essential for the successful integration of biobased polymers into security applications.

Conclusion
The use of biobased polymers in defense and security applications presents an innovative approach that aligns with the growing need for sustainable and high-performance materials. The synthesis and material selection processes explored in this paper demonstrate that biobased polymers, derived from renewable resources such as proteins, starches, and cellulose, offer significant potential for addressing the complex challenges faced in military settings. These materials provide distinct advantages in mechanical strength, thermal stability, and environmental responsibility, essential for protective gear, surveillance technologies, and structural reinforcement.
Despite these promising developments, challenges remain in terms of large-scale production, cost-effectiveness, and ensuring long-term durability under field conditions. Addressing these barriers through continued research, collaboration between industries, and the adoption of green chemistry practices will be pivotal in realizing the full potential of biobased polymers in defense applications. Future opportunities include the incorporation of self-healing and stimuli-responsive properties, which could revolutionize the resilience and functionality of defense materials.
Overall, the integration of biobased polymers into security applications signifies a transformative shift toward materials that balance performance with sustainability. The research and advancements discussed in this paper underscore the need for ongoing innovation and strategic partnerships to push the boundaries of material science in safeguarding military personnel and infrastructure. As biobased polymer technologies continue to mature, their role in fostering more sustainable, resilient defense systems is poised to grow, offering long-term benefits for both security and environmental stewardship.
In conclusion, the selection and synthesis of biobased polymers for security applications involve a multidisciplinary approach that leverages advancements in polymer chemistry, nanotechnology, and sustainable engineering. The continued evolution of these materials holds significant promise for developing environmentally responsible, high-performance solutions that meet the rigorous demands of modern defense.
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