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A B S T R A C T  
 

Self-healing (SH) materials, including polymers, are revolutionary for aerospace vehicles, automobiles, 

and other applications where structural integrity, reliability, and longevity are critical. In this regard, 

this systematic review surveys 40 recent works on various types of self-healing material systems, 

integration methods, and performance outcomes. The review assesses material categories from epoxy-

based composites and thermoplastics to shape memory polymers and advanced nanocomposites, and 

considers both intrinsic and extrinsic healing mechanisms. Performance metrics across application 

contexts, such as healing efficiency, mechanical property recovery, environmental stability, and cyclic 

durability, are synthesized. Aerospace applications show significant advancements in addressing 

delamination, impact resistance, and high-temperature stability, with some systems achieving fracture 

property recovery exceeding 160% and maintaining reliable performance over multiple healing cycles. 

Automotive applications emphasize room-temperature healing capability, cost-effective manufacturing, 

and durability under variable service conditions. The review identifies trends toward hybrid material 

systems and sophisticated integration strategies, while also highlighting persistent challenges related to 

scalability, environmental robustness, and long-term performance validation. This synthesis provides a 

comprehensive foundation to advance the practical implementation of self-healing materials in 

aerospace and automotive engineering. 

1. INTRODUCTION 

Autonomously-recovering new-generation materials are breakthroughs in the field of materials science and engineering, 

where high reliability and longevity are required. Self-healing materials have been proposed to overcome the issue of 

structural degradation and damage in high-performance systems, notably in aerospace and automotive engineering [1], [2]. 

These new materials have the potential to recover their load-bearing properties after damage, thereby extending component 

lifetimes and enhancing operational safety [3]. 

Recent progress in materials science has led to the development of a myriad of self-healing systems, including intrinsic 

healing and extrinsic self-healing systems with healing agents [4], [5]. In aerospace applications, such materials have shown 
outstanding performance [6], [7], with certain systems displaying healing efficiencies above 90% and the ability to perform 

healing up to multiple healing cycles. The integration of self-healing capabilities into structural components has been 

considered a very promising solution to critical problems such as delamination in composites, impact damage, and 

environmental degradation [8], [9]. 

The automotive sector has also benefited from these advancements. Applications have been directed towards structural 

components and protective coatings, with studies reporting promising room-temperature healing and mechanical property 

restoration. Some systems have even achieved peak load retention of up to 99% [10], [11]. These advances point to 

potential directions for creating transportation systems that are more resilient and sustainable. 

The diversity of approaches in self-healing material design reflects the complexity of application requirements. Materials 

such as epoxy-based composites, thermoplastics, and advanced ceramic nanocomposites have been explored, each offering 

unique advantages and presenting specific challenges [2], [5], [12]. Integration methods vary significantly, encompassing 

microcapsule-based systems, vascular networks, and intrinsic healing mechanisms, thereby illustrating the field’s rich 

technological landscape [3], [6]. 
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1.1.  Research Question 

The primary research question guiding this systematic review is: How do self-healing materials improve structural integrity 

and longevity in aerospace and automotive engineering applications? 

This question addresses the fundamental need to understand the mechanisms, effectiveness, and practical implications of 

implementing self-healing materials in critical structural contexts. 

1.2.  Scope and Objectives 

This systematic review presents a comprehensive analysis of 40 recent studies investigating self-healing materials in 

aerospace and automotive applications (Table 1). The review encompasses experimental studies, modeling approaches, and 

hybrid investigations, with a particular focus on three main areas. 

First, in terms of material systems and integration methods, the review analyzes various categories of self-healing materials. 

These include epoxy-based materials (12 studies), thermoplastics (4 studies), and other innovative compositions [8], [9]. 

Integration methods examined range from microcapsule-based systems to advanced polymer blends and composite 

structures [4], [10]. 

Second, with regard to performance characterization, the review assesses healing efficiency and mechanical property 

recovery across different material systems. It also investigates environmental stability, operational temperature ranges, 

cyclic healing capabilities, and long-term performance [7], [11]. 

Third, in terms of application-specific requirements, the review evaluates aerospace applications (21 studies), including 

structural composites, thermal protection systems, and space-related technologies [1], [5]. It also analyzes automotive 

applications (6 studies), focusing on structural components and protective systems, while addressing environmental 

conditions and operational demands specific to each sector [2], [6]. 

The primary objectives of this review are to: 

• Synthesize current knowledge on the performance of self-healing materials in aerospace and automotive 

applications 

• Identify patterns in healing efficiency and mechanical property recovery across various material systems 

• Evaluate practical limitations and challenges in the implementation of self-healing materials 

• Assess the technological readiness of different self-healing approaches for real-world deployment 

• Highlight existing research gaps and propose future directions for development 

This systematic review aims to provide a comprehensive understanding of how self-healing materials contribute to 

improved structural integrity and longevity in aerospace and automotive applications. The analysis integrates fundamental 

material properties with practical implementation considerations, offering valuable insights for researchers and engineers. 

By examining a broad range of studies and technological approaches, this review seeks to establish a strong foundation for 

the continued development of self-healing materials for critical engineering applications. 

TABLE I. SUMMARY OF INCLUDED STUDIES IN THE SYSTEMATIC REVIEW 

Study Type Number of Studies 

Experimental 31 

Experimental/Modeling 3 

Modeling 1 

Review 3 

Review/Experimental 2 

 

2. METHODOLGY 

The systematic review methodology was designed to comprehensively evaluate the current state of self-healing materials 

in aerospace and automotive applications. The review process followed a structured approach encompassing study 

selection, data extraction, and analysis, ensuring thorough coverage of relevant research while maintaining methodological 

rigor [13], [14]. Refer to figure 1. 
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Fig. 1. Systematic review flow diagram. 

 

2.1. Study Selection 

The study selection process began with a comprehensive search of recent research focusing on self-healing materials 

specifically applied in aerospace and automotive engineering contexts. The search utilized advanced AI-driven tools and 

databases, including Semantic Scholar, to ensure broad and systematic coverage [15]. The initial search yielded 500 highly 

relevant papers, which were then screened using predetermined inclusion criteria aligned with best practices in systematic 

reviews [16], [17]. 
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Studies were selected based on their relevance to self-healing materials in structural applications, with an emphasis on 

experimental validation, performance metrics, and practical implementation considerations. The final selection comprised 

40 studies, representing a diverse range of research approaches and material systems [18]. The selected studies included: 

• 31 experimental studies 

• 3 combined experimental and modeling studies 

• 1 modeling study 

• 3 review studies 

• 2 hybrid review-experimental studies 
This distribution ensured comprehensive coverage of both practical implementations and theoretical frameworks while 

maintaining a strong emphasis on experimental validation. 

The selection criteria prioritized studies that provided quantitative data on healing efficiency, mechanical property 

recovery, and environmental stability [19]. Studies were included if they addressed either aerospace or automotive 

applications—or both—and provided clear documentation of material composition, integration methods, and performance 

metrics [20], [21]. The quality of experimental design, clarity of reported results, and relevance to practical applications 

were also evaluated. 

2.2. Data Extraction 

The data extraction phase employed a systematic approach to collect and organize information from the selected studies. 
A standardized extraction framework was developed to capture key information across several categories [22]. Primary 

extraction categories included: 

• Material composition and classification 

• Integration methods 

• Application domains 

• Performance metrics 

• Reported limitations or challenges 

For material systems, the extraction process captured detailed information about composition, processing methods, and 

integration approaches. Materials were categorized into major groups such as epoxy-based materials, thermoplastics, shape 

memory polymers, nanocomposites, and various hybrid systems [23], [24]. The extraction also documented healing 

mechanisms (intrinsic or extrinsic) and methods used to trigger and evaluate healing responses. 

Performance metrics were systematically extracted, including quantitative measures of healing efficiency, strength 

recovery, environmental stability, and cycling capability [25]. The extraction emphasized standardized test methods and 

measurement protocols to ensure comparability across studies [26]. Environmental conditions, operational parameters, and 

durability assessments were also documented when available. 

2.3.  Analysis Approach 

The analysis methodology followed a multi-stage approach to synthesize the extracted data and identify meaningful patterns 

and trends [27]. The first stage involved categorizing studies by material types, application domains, and integration 

methods. This enabled the identification of predominant approaches and emerging trends in material selection and 

implementation strategies [28]. 

Quantitative analysis focused on comparing healing efficiencies, strength recovery rates, and other performance metrics 

across different material systems and application contexts [29]. The analysis considered both absolute performance values 

and relative improvements, accounting for variations in testing conditions and measurement methods [30]. Special attention 

was paid to studies reporting multiple healing cycles or long-term performance data, as these provided insights into practical 

implementation potential [31]. 

The analysis also examined the relationship between material properties, integration methods, and application 

requirements. This included evaluating how different material systems performed under various environmental conditions 

and operational demands specific to aerospace and automotive applications [32]. Both successful outcomes and reported 

limitations were incorporated to provide a balanced view of current capabilities and challenges [33]. 

A comparative analysis framework was developed to evaluate the effectiveness of different healing mechanisms and 

integration strategies across application domains [34]. This included examining how various material systems addressed 

specific challenges such as delamination in composites, impact damage, and environmental degradation [35]. Practical 

aspects such as processing requirements, cost implications, and scaling potential were also considered. 
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The final stage of analysis synthesized findings to identify broader trends and patterns in the development and 

implementation of self-healing materials [36]. The review evaluated the maturity of different approaches, highlighted 

common challenges, and assessed the potential for practical deployment in aerospace and automotive applications. 

Additionally, it identified key research gaps and promising directions for future investigation [37]. 

TABLE II. SUMMARY OF MATERIAL CATEGORIES IN SELECTED STUDIES 

Material Category Number of Studies 

Epoxy-based materials 12 

Thermoplastics 4 

Shape memory polymers 3 

Nanocomposites 3 

Ceramic-based materials 3 

Supramolecular polymers 2 

Vitrimers 2 

Shape memory alloy / metal composites 2 

Other hybrid materials 1–3 each 

 

 

3. CHARACTERISTICS OF INCLUDED STUDIES  

This systematic review encompassed a diverse collection of forty studies investigating self-healing materials in aerospace 

and automotive applications. The distribution of study types reflects the field’s emphasis on experimental validation, while 

also integrating theoretical understanding and comprehensive reviews [38], [39]. 

Experimental studies dominated the literature, comprising thirty-one of the forty analyzed papers [40]. This highlights the 

field’s strong focus on practical validation and performance testing (Figure 2). Three studies combined experimental work 

with modeling approaches, demonstrating efforts to link theoretical predictions with practical outcomes [41]. Pure 

modeling studies were less common, with only one study focusing exclusively on theoretical frameworks. The remaining 

studies consisted of three pure review papers and two hybrid review-experimental studies, providing valuable syntheses of 

existing knowledge while contributing new experimental findings [42]. 

3.1.  Material Categories 

The material categories represented in the reviewed studies showcase the diverse approaches being explored in self-healing 

systems. Epoxy-based materials emerged as the predominant category, featured in twelve studies across various 

applications [43]. These epoxy systems included pure epoxy matrices, modified epoxy compositions, and hybrid systems 

incorporating functional components [44]. The versatility of epoxy-based materials was evident in their use across both 

intrinsic and extrinsic healing mechanisms, demonstrating particular promise in structural applications requiring both 

mechanical strength and healing capability [45]. 

Thermoplastic materials formed another significant category, with four studies specifically focused on these systems [46]. 

Thermoplastic-based approaches offered advantages in processing flexibility and the potential for multiple healing cycles 

[47]. These materials showed strong potential for applications requiring repeated healing and integration with existing 
manufacturing processes [48]. 

Beyond these primary categories, several other key material types were identified (Table 3). Shape memory polymers 

appeared in three studies, offering unique capabilities for stimulus-responsive healing [49]. Nanocomposites were featured 

in four studies, leveraging enhanced properties achieved through nanoscale reinforcement [50]. Ceramic-based materials, 

including pure ceramics and ceramic-polymer hybrids, were investigated in three studies, particularly for high-temperature 

aerospace applications [51]. 

Carbon fiber reinforced polymers (CFRP) emerged as another significant category, represented in six studies, reflecting 

their critical importance in high-performance structural applications [52]. Additional material categories included 

supramolecular polymers, graphene-based materials, and various microcapsule systems, each represented in two to three 

studies [53], [54]. 

3.2.  Application Domains 

The application domains covered in the reviewed studies demonstrated a clear emphasis on aerospace applications, while 

also encompassing other industrial sectors [55]. 

Aerospace applications dominated, with twenty-one studies specifically addressing aerospace-related implementations 

[56]. These studies encompassed a wide range of applications, from structural composites and thermal protection systems 
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to impact-resistant structures and inflatable space components [57]. This diversity reflects the varied demands and operating 

conditions inherent to aerospace engineering. 

Automotive applications formed the second largest domain, with six studies addressing automotive-specific 

implementations [58]. These studies focused on challenges such as impact resistance, structural integrity, and 

environmental durability—critical factors in automotive engineering where scalability and cost-effectiveness are essential 

[59]. 

Space applications emerged as a distinct category, with six studies addressing the unique challenges of space environments 

[60]. These studies focused on space suits, habitats, and inflatable space structures, addressing extreme environmental 
conditions and high reliability requirements [61]. 

Other application domains included wind turbine components (two studies) and gas turbine blade applications (two studies) 

[62], [63]. These sectors demonstrate the versatility of self-healing materials in addressing specialized industrial challenges. 

Additional domains included biomedical applications, electronics, and infrastructure, each represented by one or two 

studies [64]. 

The diversity of material categories and application domains reflects the dynamic nature of self-healing materials research. 

The strong representation of experimental studies across all categories underscores a field focused on practical validation, 

while the presence of modeling and review studies suggests ongoing efforts to develop theoretical frameworks and 

synthesize knowledge for future advancements [65]. 

 
Fig. 2. Distribution of Study Types in the Systematic Review 

 

TABLE III. SUMMARY OF KEY MATERIAL CATEGORIES AND NUMBER OF STUDIES 

Material Category Number of Studies 

Epoxy-based materials 12 

Thermoplastics 4 

Shape memory polymers 3 

Nanocomposites 4 

Ceramic-based materials 3 

Carbon fiber reinforced polymers (CFRP) 6 

Supramolecular polymers 2 

Graphene-based materials 2 

Microcapsule-based systems 2–3 

Other hybrid materials 1–2 each 

 

3.3.  Effects and Performance 

The analysis of healing efficiency and mechanisms across different material systems revealed diverse approaches to 

achieving self-healing capabilities, each with distinct advantages and limitations [66], [67]. Material types demonstrated 

varying levels of performance, with several systems achieving remarkable recovery of mechanical properties. The most 

successful materials exhibited healing efficiencies exceeding 90%, with some systems demonstrating complete recovery 

of specific properties [68]. 
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Notably, polymer blends incorporating shape memory elements achieved up to 160% recovery in fracture properties while 

maintaining 70% recovery over multiple healing cycles [69]. Figure 3 summarizes the range of healing efficiencies 

observed across material types. 

3.4. Healing Efficiency and Strength Recovery 

Quantitative healing efficiency emerged as a critical metric for evaluating material performance. Thermoplastic-based 

systems demonstrated consistently high efficiencies, with some materials achieving 99% peak load retention and sustaining 

performance over multiple cycles [70]. Diels–Alder-based epoxy systems showed particularly impressive results, with 

healing efficiencies ranging from 108% to 130% for mode II fracture properties and 102% to 106% for interlaminar shear 

strength [71]. 

Strength recovery metrics provided crucial insights into the practical effectiveness of healing systems. Various materials 

achieved significant restoration of mechanical properties, although specific metrics varied by application and material type 

[72]. Epoxy-based systems demonstrated notable success in recovering interlaminar shear strength, with some 

compositions achieving 70% recovery [73]. Elastomeric systems showed excellent tensile strength recovery, reaching 31 

MPa for pure elastomers and 8.67 MPa for composites [74]. Several systems maintained their recovery capabilities over 

multiple healing cycles, with some demonstrating effective performance up to 20 cycles [75]. 

3.5.  Environmental Stability 

Environmental stability emerged as a critical consideration for practical applications. Temperature resistance varied 

significantly across systems: 

• Some compositions maintained stability up to 220°C [76] 

• High-temperature applications (e.g., aerospace, turbines) required ceramic nanocomposites, capable of healing at 

temperatures exceeding 1000°C [77] 

• Glass transition temperatures (Tg) ranged from 49°C (room-temperature healing) to over 200°C (aerospace-grade 

materials) [78] 

Space applications further required materials resilient to radiation effects and extreme thermal cycling, with some studies 

reporting decreased healing efficiency after radiation exposure [79]. 

3.6.  Integration Methods 

The implementation of self-healing capabilities relied on a variety of integration methods, each suited to specific 

applications and performance requirements [80]. Epoxy-based methods emerged as the most widely studied, incorporating 

both intrinsic and extrinsic healing mechanisms (Table 4). These systems ranged from modified matrices to complex hybrid 

systems with functional components [81]. 

Microcapsule-based healing offered autonomous healing capabilities by embedding healing agents within various matrices. 

Techniques varied from traditional epoxy-hardener combinations to advanced formulations using carbon nanotubes or 

specialized polymers [82]. Healing efficiencies for these systems ranged between 39% and 97%, strongly influenced by 

the size and distribution of the microcapsules [83]. 

Thermoplastic-based healing methods provided unique advantages in processing and repeatability. These included: 

• Pure thermoplastic systems 

• Hybrid compositions with thermoset matrices 

• Integration by interleaving or co-curing 

Such systems achieved complete recovery of mechanical properties over multiple healing cycles, with processing 

temperatures typically between 130°C and 180°C [84]. 

3.7.  Other Integration Strategies 

Beyond the primary methods, several innovative integration strategies emerged: 

• Vascular systems: networks of channels containing healing agents [85] 

• Shape memory alloys (SMA): offering mechanical reinforcement and activation, with interface strengths up to 

340 MPa [86] 

• Supramolecular systems: rapid healing, with damage closure within one minute under specific conditions [87] 

• 3D-printed interlayers and hybrid ceramic-polymer systems expanded capabilities for tailored healing responses 

[88] 

The choice of integration method often depended on application-specific requirements: 

• Aerospace: favored epoxy-based systems and ceramic composites for high-temperature and mechanical 

robustness [89] 
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• Automotive: prioritized room-temperature healing and cost-effectiveness, making thermoplastic-based 

approaches attractive [90] 

• Space: demanded radiation resistance and extreme temperature durability, prompting hybrid strategies with 

multiple healing mechanisms [91] 

 
Fig. 3. Healing Efficiency Range Across Different Material Systems 

 

TABLE IV. SUMMARY OF INTEGRATION METHODS AND KEY PERFORMANCE OUTCOMES 

Integration Method Key Features Healing Efficiency (%) Application Domains 

Epoxy-based systems Intrinsic/extrinsic cross-linking 70–130% Aerospace, Automotive 

Microcapsule-based systems Autonomous healing via encapsulated agents 39–97% Aerospace, Automotive, Wind 

Thermoplastic-based systems Repeated healing, interleaving 99% (peak load) Automotive, Aerospace 

Vascular networks Continuous healing potential Variable Aerospace 

Shape memory alloys (SMA) Mechanical activation, high interface strength ~100% Aerospace, Infrastructure 

Supramolecular polymers Rapid healing (<1 min) Complete closure Space, Aerospace 

3D-printed interlayers Tailored integration strategies >85% modulus retention Aerospace 

 

4. APPLICATION-SPECIFIC FINDINGS  

4.1.  Aerospace Applications 

The implementation of self-healing materials in aerospace applications has demonstrated significant performance benefits 

across various structural components and systems [92]. In aerospace composites, self-healing materials have achieved 

remarkable healing efficiencies, with some systems demonstrating fracture property recovery exceeding 160% and flexural 

strength recovery maintaining 70% effectiveness over multiple healing cycles. Carbon fiber reinforced polymer 

composites, particularly those incorporating self-healing capabilities, showed substantial improvements in interlaminar 

shear strength recovery, with some systems achieving up to 70% recovery after damage. The ability to address delamination 

issues, a critical concern in aerospace composites, represented a significant advancement, with several systems 

demonstrating complete healing of delamination damage under controlled conditions [93]. 

Integration methods in aerospace applications varied according to specific component requirements and operational 

demands. Epoxy-based systems emerged as a predominant approach, particularly in structural composites, where they 

demonstrated excellent compatibility with existing manufacturing processes [94]. These systems utilized both intrinsic 

healing mechanisms, such as reversible chemical bonds, and extrinsic approaches incorporating healing agents through 

microcapsules or vascular networks. Advanced integration strategies included the use of shape memory polymer 

components, which provided both structural support and healing activation mechanisms. The incorporation of graphene 

oxide and carbon nanotubes enhanced both mechanical properties and healing capabilities. 

Environmental considerations played a crucial role in aerospace applications, particularly regarding temperature resistance 

and operational stability. Self-healing systems demonstrated varying degrees of environmental stability, with some 
materials maintaining effectiveness across temperature ranges from -50°C to 60°C for conventional aerospace applications 

and -150°C to 150°C for space-related implementations [95]. High-temperature applications, such as gas turbine 

components, required specialized ceramic-based healing systems capable of operating at temperatures exceeding 1000°C. 
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The development of materials resistant to UV radiation, moisture, and thermal cycling represented ongoing challenges in 

ensuring long-term reliability. 

Several limitations emerged in aerospace applications of self-healing materials. The need for external stimuli to activate 

healing in many systems posed practical challenges in service conditions. The trade-off between healing efficiency and 

mechanical properties often required careful optimization, particularly in structural applications where maintaining high 

strength and stiffness was crucial. The scalability of manufacturing processes and the integration of self-healing capabilities 

into complex geometric shapes presented additional challenges. Cost considerations and the need for qualification testing 

for aerospace applications remained significant barriers to widespread implementation. 

4.2.  Automotive Applications 

Performance benefits in automotive applications focused on different priorities compared to aerospace implementations. 

Self-healing materials in automotive contexts demonstrated significant achievements in room-temperature healing 

capabilities, with some systems showing peak load retention up to 99% [96]. The ability to maintain structural integrity 

after impact damage proved particularly valuable, with energy absorption improvements of up to 80% reported in some 

systems. Thermoplastic-based healing systems showed promise in automotive applications, offering repeatable healing 

capabilities while maintaining practical processing requirements. 

Integration methods for automotive applications emphasized cost-effective solutions suitable for high-volume 

manufacturing. Thermoplastic-based healing systems emerged as a preferred approach, offering advantages in processing 
flexibility and repeatability [97]. Microcapsule-based systems provided autonomous healing capabilities while maintaining 

compatibility with existing manufacturing processes. The integration of self-healing capabilities into protective coatings 

and structural components required careful consideration of manufacturing constraints and cost implications. Novel 

approaches, such as hybrid polymer systems and nanocomposite materials, demonstrated potential for enhancing both 

healing capabilities and mechanical properties. 

Specific challenges in automotive applications centered around practical implementation considerations. The need for 

room-temperature healing capability represented a significant constraint, as external heating for healing activation proved 

impractical in many automotive applications. Cost sensitivity in the automotive sector limited the adoption of more 

expensive healing systems, despite their potential performance benefits. The requirement for rapid healing responses in 

safety-critical components posed additional challenges in material design and integration. Environmental factors, including 

exposure to various chemicals, temperature fluctuations, and mechanical wear, necessitated robust healing systems capable 

of maintaining effectiveness under diverse conditions [98]. 

The durability of healing systems in automotive applications faced particular scrutiny, given the extended service life 

expectations and varied environmental exposures. The integration of self-healing capabilities needed to address both 

immediate damage repair and long-term degradation mechanisms. The balance between healing efficiency and 

manufacturing practicality remained a critical consideration, with successful implementations requiring careful 

optimization of material properties, processing requirements, and cost considerations. The development of standardized 
testing protocols and performance metrics specific to automotive applications emerged as an important need for advancing 

the field. Refer to figure 4. 

 

 
Fig. 4. Performance Benefits by Application Domain 
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4.3.  Synthesis and Trends 

The systematic analysis of self-healing materials in aerospace and automotive applications reveals distinct patterns in 

material selection, performance characteristics, and implementation strategies [99]. The evolution of material systems 

demonstrates a clear trend toward hybrid approaches that combine multiple healing mechanisms to achieve optimal 

performance. Epoxy-based materials emerged as the dominant category, represented in twelve studies, showing particular 

success in structural applications due to their versatility and compatibility with existing manufacturing processes. 
Thermoplastic systems, while less numerous with four dedicated studies, demonstrated exceptional healing efficiencies 

and repeatability, particularly in applications requiring multiple healing cycles. 

Performance patterns across different material systems revealed several consistent trends. The highest healing efficiencies, 

often exceeding 90%, were achieved by systems incorporating either thermally activated healing mechanisms or carefully 

designed chemical healing processes [100]. Materials combining shape memory effects with healing capabilities 

demonstrated particularly impressive results, with some systems achieving fracture property recovery exceeding 160%. 

The relationship between healing efficiency and mechanical properties emerged as a critical consideration, with most 

successful systems maintaining a balance between healing capability and structural performance. Cyclic healing 

performance varied significantly, with some materials maintaining effectiveness for up to 20 cycles while others showed 

degradation after fewer healing events. 

Integration methods have evolved toward more sophisticated approaches that consider both healing effectiveness and 

practical implementation requirements. Microcapsule-based systems, represented in six studies, demonstrated good healing 

efficiencies but faced challenges related to long-term stability and manufacturing scalability [101]. Vascular systems 

offered advantages in continuous healing capability but presented complexity in manufacturing and integration. The trend 

toward hybrid integration approaches, combining multiple healing mechanisms or functional components, reflects the 

industry’s effort to address complex damage scenarios and operational requirements. The success of different integration 

methods showed strong correlation with specific application requirements, with aerospace applications favoring robust, 
high-temperature capable systems while automotive applications emphasized practical, cost-effective solutions. 

Application-specific outcomes revealed distinct patterns of success and limitation across different sectors. Aerospace 

applications demonstrated the most diverse range of implemented solutions, with twenty-one studies specifically addressing 

aerospace requirements. These implementations showed particular success in addressing critical issues such as 

delamination in composites and impact damage resistance. Automotive applications, while fewer in number with six 

focused studies, showed promising results in developing practical, room-temperature healing systems suitable for mass 

production. Space applications emerged as a distinct category with unique requirements, driving the development of 

specialized materials capable of withstanding extreme environmental conditions. 

Limitations and challenges persist across both material development and practical implementation. Manufacturing 

scalability remains a significant hurdle, particularly for more complex integration methods such as vascular systems and 

specialized microcapsule formulations. The trade-off between healing efficiency and mechanical properties continues to 

challenge material designers, with few systems achieving optimal performance in both aspects. Environmental stability, 

particularly in extreme conditions, presents ongoing challenges, with some materials showing decreased effectiveness after 

exposure to radiation, thermal cycling, or chemical exposure. Cost considerations and qualification requirements, especially 

in aerospace applications, represent significant barriers to widespread adoption [102]. 

The quality of evidence varies considerably across the reviewed studies, reflecting the diverse approaches to material 

development and testing. Experimental studies, comprising thirty-one of the forty analyzed papers, provided the strongest 
evidence base, with many including comprehensive characterization of both healing performance and mechanical 

properties. However, the lack of standardized testing protocols and varying reporting methods sometimes complicated 

direct comparisons between different systems. Modeling studies, while fewer in number, offered valuable insights into 

healing mechanisms and performance prediction, though validation against experimental data was not always 

comprehensive. Review studies and hybrid approaches contributed to understanding broader trends and challenges, but 

sometimes lacked detailed performance data [103]. 

The synthesis of findings indicates several emerging trends in the field. There is a clear movement toward multi-functional 

materials that combine healing capabilities with other desirable properties such as structural reinforcement or sensing 

capabilities [104]. The development of more sophisticated integration methods, particularly those addressing 

manufacturing scalability and cost-effectiveness, represents a key focus area. The increasing attention to environmental 

stability and long-term performance reflects the maturing understanding of practical implementation requirements. 

Future developments in self-healing materials appear likely to focus on addressing current limitations while expanding 

application possibilities. The trend toward hybrid systems and multi-functional materials is expected to continue, with 

increasing emphasis on practical implementation considerations. The development of standardized testing protocols and 

performance metrics will likely facilitate more direct comparisons between different approaches and accelerate the 
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qualification process for critical applications. The ongoing challenge of balancing healing efficiency with mechanical 

properties and manufacturing practicality will continue to drive innovation in material design and integration methods. 

The overall trajectory of self-healing materials research suggests a field moving from proof-of-concept demonstrations 

toward practical implementation considerations. The success of various approaches in specific applications provides a 

foundation for future developments, while persistent challenges highlight areas requiring continued innovation. The quality 

and breadth of available evidence supports continued development while indicating the need for more standardized 

evaluation methods and comprehensive long-term performance data. 

5. CONCLUSIONS AND FUTURE DIRECTIONS 

5.1. Main Findings 

The systematic review of self-healing materials in aerospace and automotive applications reveals significant advances in 

material design, integration methods, and practical implementation. The analysis of forty studies demonstrates the field’s 

maturity in developing effective healing mechanisms while highlighting areas requiring further development. Epoxy-based 

systems have emerged as the predominant material category, showing particular success in aerospace applications with 

healing efficiencies frequently exceeding 90%. Thermoplastic-based systems have demonstrated exceptional repeatability 

and practical implementation potential, particularly in automotive applications, with some materials achieving nearly 
complete recovery of mechanical properties over multiple healing cycles. 

The integration of self-healing capabilities into structural materials has shown remarkable progress, with several systems 

demonstrating successful implementation in critical applications. Aerospace applications have achieved notable success in 

addressing key challenges such as delamination in composites and impact damage resistance, with some materials showing 

fracture property recovery exceeding 160% and maintaining effectiveness over multiple healing cycles. Automotive 

applications have successfully developed room-temperature healing systems suitable for mass production, achieving 

practical healing solutions while maintaining cost-effectiveness. 

Environmental stability and performance under extreme conditions have shown significant improvement, with some 

materials maintaining effectiveness across temperature ranges from -150°C to 150°C for space applications and others 

demonstrating healing capabilities at temperatures exceeding 1000°C for specialized applications. The development of 

hybrid systems combining multiple healing mechanisms has enhanced both healing efficiency and practical applicability, 

though challenges remain in optimizing these complex systems for specific applications. 

5.2. Research Gaps 

Several significant research gaps persist in the development and implementation of self-healing materials. The relationship 

between healing efficiency and long-term mechanical properties remains incompletely understood, particularly under 

varied environmental conditions and repeated healing cycles. Standardized testing protocols and performance metrics are 

notably lacking, making direct comparisons between different healing systems challenging and complicating the 

qualification process for critical applications. 

The scalability of manufacturing processes for complex healing systems, particularly those involving vascular networks or 

specialized microcapsule formulations, requires further investigation. The integration of self-healing capabilities into 

existing manufacturing processes while maintaining cost-effectiveness presents ongoing challenges, especially for 

automotive applications where high-volume production is essential. The long-term stability and effectiveness of healing 

systems under real-world service conditions remain inadequately characterized, particularly regarding the effects of 

environmental exposure, mechanical fatigue, and chemical degradation. 

Research gaps also exist in understanding the fundamental mechanisms of healing in multi-functional materials and hybrid 

systems. The interaction between different healing mechanisms and their collective impact on overall material performance 
requires more detailed investigation. The development of predictive models for healing behavior and long-term 

performance remains limited, particularly for complex material systems and varied damage scenarios. 

5.3. Recommendations 

Future research efforts should prioritize several key areas to advance the field of self-healing materials. The development 

of standardized testing protocols and performance metrics should be emphasized to facilitate meaningful comparisons 

between different healing systems and accelerate the qualification process for critical applications. These standards should 

address both immediate healing performance and long-term durability under realistic service conditions. 

Investigation into novel integration methods that combine healing efficiency with manufacturing practicality should be 

pursued, particularly focusing on scalable production techniques suitable for high-volume applications. The development 
of multi-functional materials that incorporate self-healing capabilities alongside other desired properties, such as structural 

reinforcement or sensing capabilities, represents a promising direction for future research. 
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For aerospace applications, research should focus on developing systems capable of autonomous healing under extreme 

environmental conditions while maintaining high mechanical properties. The integration of smart healing mechanisms that 

can respond to different types of damage and environmental conditions should be explored, particularly for space 

applications where maintenance access is limited. 

In automotive applications, emphasis should be placed on developing cost-effective healing systems capable of room-

temperature activation and rapid response to damage. Research into manufacturing processes that can efficiently integrate 

self-healing capabilities into high-volume production while maintaining quality and consistency should be prioritized. 

The development of improved modeling and simulation tools for predicting healing behavior and long-term performance 
should be pursued to facilitate material design and optimization. These tools should incorporate multiple scales of analysis, 

from molecular-level healing mechanisms to component-level performance prediction. 

Collaborative efforts between academic research institutions and industry partners should be strengthened to ensure 

research directions align with practical implementation requirements. This collaboration should include comprehensive 

evaluation of cost-effectiveness, manufacturing feasibility, and regulatory compliance considerations. 

Future work should also address the environmental impact and sustainability of self-healing materials, including 

investigation of bio-based healing systems and recyclable materials. The development of life-cycle assessment methods 

specific to self-healing materials would provide valuable insights for sustainable material design and implementation. 

The advancement of self-healing materials technology requires a balanced approach that addresses both fundamental 

understanding and practical implementation challenges. By focusing on these recommended areas, future research can 

contribute to the development of more effective, reliable, and practically implementable self-healing systems for aerospace 

and automotive applications. 
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