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 This study provides a comprehensive comparative evaluation of classical and 

modern predictive models for fatigue life in scraper rings of internal 

combustion engines, which operate under high thermo-mechanical stresses. 

Accurate fatigue life predictions are essential for optimizing engine 

component design, preventing both over- and under-engineering while 

ensuring long-term reliability. The effectiveness of both traditional models 

and newer advanced approaches was analyzed using loading profiles that 

replicate real-world engine operating conditions. Results indicate that stress-

life models offer more reliable predictions for high-cycle fatigue scenarios, 

while strain-life models perform better under low-cycle fatigue conditions. 

Furthermore, fracture mechanics models show great promise in predicting 

crack propagation and identifying failure mechanisms. Detailed inspections 

and Légraud-Poirier (LP) tests confirmed fatigue-induced cracking at critical 

locations of the scraper rings, emphasizing the importance of incorporating 

multi-axial loading in fatigue assessments. The findings underscore the 

necessity for using comprehensive loading profiles and thorough inspections 

to enhance the accuracy and dependability of fatigue life predictions, which 

are critical for improving the performance and durability of engine 

components. 
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1. INTRODUCTION 

This study examines the fatigue behavior of scraper rings, fatigue behavior is a critical aspect of 

material performance, especially for components subjected to cyclic loading in mechanical systems. Scraper 

rings, a vital part of internal combustion engines, experience significant cyclic stresses during operation. 

Understanding and predicting their fatigue life is essential for ensuring engine reliability and longevity. 

Fatigue, characterized by progressive and localized structural damage, ultimately leads to failure if not 

adequately managed. The study of fatigue life behavior has evolved significantly over the past century. 

While previous studies investigated early foundational models such as the stress-life (S-N) approach, 

introduced by [1], [2], established the link between stress amplitude and the number of cycles until failure. 

This method has been refined over the years, incorporating mean stress effects through modifications like the 

Goodman relationship [3], [4]. These foundational models laid the groundwork for subsequent advancements 

in fatigue analysis. In parallel, the strain-life (ε-N) approach, exemplified by the Coffin-Manson model, 

provided a more detailed analysis for low-cycle fatigue scenarios, considering both elastic and plastic strains 

[5]–[8]. Advances in fracture mechanics, such as Paris' Law for crack propagation [9], [10] and Forman's 

https://creativecommons.org/licenses/by-sa/4.0/
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equation for crack growth in high-strength steels [11], [12], further enriched the understanding of fatigue 

behavior. Recent studies have expanded these classical models to include energy-based approaches and multi-

axial fatigue criteria [13], [14]. The Manson-Halford strain energy density model correlates the strain energy 

density with fatigue life, offering an alternative perspective on fatigue damage accumulation [15]. The Dang 

Van criterion addresses fatigue under complex, multi-axial stress states, making it applicable to more intricate 

loading conditions [16], [17] the past century. 

Contemporary research continues to build on these models. For instance, [18], [19] explored high-

cycle fatigue life prediction using an extended Basquin model, incorporating additional factors for improved 

accurac. Similarly, [20], [21] refined the Modified Goodman approach to better account for mean stress effects 

in modern materials. Jirandehi and Khonsari [22] applied the Coffin-Manson model to new superalloys, 

demonstrating its continued relevance in advanced material contexts. The application of Paris' Law in 

composite materials by Shi et al. [23] and Holycross et al. [24] and the adaptation of Forman's equation for 

high-strength steels by Gan et al. [25] highlight ongoing innovations in fracture mechanics approaches, recent 

advancements in energy-based and multi-axial fatigue criteria by Matsubara et al. [26] and Vershinin et al. 

[27] further exemplify the evolving landscape of fatigue analysis. While there have been notable advances, a 

thorough grasp of the fatigue life of scraper rings necessitates a unified approach that integrates numerical 

simulations with experimental validation. This research meets this need by directly comparing classical and 

modern fatigue models to evaluate their effectiveness and precision in predicting the fatigue behaviour of 

scraper rings in internal combustion engines. The Second Piola-Kirchhoff equation is a valuable tool for 

accurately predicting the lifetime of these mechanical components. This is proven in various studies, including 

those by Vershinin et al. [27], Zhang et al. [28], Lion et al. [29], Kordkheili and Naghdabadi [30] and Urnbull 

[31]. This approach is an effective method for capturing the complex stress-strain relationships and ensuring 

the reliability of fatigue life predictions. 

The specific objectives of this study include comparing classical fatigue models, such as the Basquin 

and Coffin-Manson models, with recent advancements as the extended Basquin model and the Modified 

Goodman approach, particularly in the context of scraper rings. Additionally, the study aims to integrate 

lubrication effects using the Reynolds equation to assess how lubrication influences the fatigue behavior of 

scraper rings, an aspect that previous studies have not explicitly addressed. Experimental validation will be 

conducted to ensure the accuracy of numerical simulations, helping to bridge the gap between theoretical 

predictions and real-world data. Furthermore, a comprehensive analysis of the fatigue life of scraper rings will 

be provided through a combination of numerical modeling and experimental results. By achieving these 

objectives, the study seeks to enhance the current understanding of fatigue life behavior in scraper rings and 

improve the reliability of fatigue life predictions. The findings will contribute to the broader field of materials 

engineering, offering practical insights for enhancing the design and durability of internal combustion engine 

components. 

 

 

2. METHOD 

2.1.  Fatigue testing methods 

A comprehensive overview of various fatigue testing concepts and procedures across various 

industries is presented in Figure 1, which offers valuable insights into the approaches used to address issues 

connected to finding a solution to the fatigue phenomena. This figure could represent an essential reference for 

our research work on the estimation of the scraper ring's fatigue life under internal combustion settings in order 

to document the different approaches taken in the evaluation of fatigue behavior. 

Application to scraper rings: in our study, the integration of the fatigue testing in Figure 1 methods 

provides a robust framework for evaluating the fatigue life of scraper rings. By employing stress-life and strain-

life approaches, we can accurately predict high-cycle and low-cycle fatigue behavior. Multi-axial fatigue 

testing allows us to simulate real-world loading conditions, enhancing the reliability of our predictions. 

Additionally, the fracture mechanics approach aids in understanding crack initiation and propagation, crucial 

for preventing failure. By leveraging these established methodologies, we aim to develop a comprehensive and 

accurate model for predicting the fatigue life of scraper rings, ensuring their reliability and performance in 

internal combustion engines. The effect of triboelastodynamics of rings on energy efficiency with particular 

focus on internal combustion engines [32]. The figure serves as a visual representation of the diverse techniques 

available, guiding our approach to addressing this complex problem. 
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Figure 1. Diagram of factors influencing fatigue life 

 

 

2.2.  Procedures followed detailing 

In the literature, several models are commonly cited for predicting the fatigue life of materials. These 

models can be broadly categorized into stress-life (S-N) approaches, strain-life (ε-N) approaches, and fracture 

mechanics approaches. Here are some of the diverse models: 

− Stress-life (S-N) approach 

Basquin's model: this model depicts the correlation between stress amplitude and the number of cycles 

to failure (S-N curve). It is often expressed as (1): 

 

𝜎𝑎 = 𝜎𝑓
′(2𝑁𝑓)

𝑏
 (1) 

 

𝜎𝑎 is the stress amplitude (the maximum stress level in the cyclic loading), 𝜎𝑓
′ is the fatigue strength coefficient 

(the stress amplitude at a reference cycle number, often 2𝑁𝑓 = 1), 𝑁𝑓 is the total number of loading cycles that 

the material can withstand before failure and 𝑏 is the fatigue strength exponent (a material constant that 

indicates the slope of the log-log S-N curve). 

Modified Goodman and Gerber models: these models account for mean stress effects on fatigue life. 

The Modified Goodman relation is given by: 

 
𝜎𝑎

𝜎𝑓
+

𝜎𝑚

𝜎𝑢
= 1 (2) 

 

where 𝜎𝑎 (sigma a) is the alternating stress, 𝜎𝑚 (sigma m) is the mean stress, 𝜎𝑓 (sigma f) is the fatigue limit, 

and 𝜎𝑢 (sigma u) is the ultimate tensile strength. 

− Strain-life (ε-N) approach 

Coffin-Manson model: this model relates the plastic strain amplitude to fatigue life and is often used 

for low-cycle fatigue analysis. The relation is: 

 

𝜖𝑝 = 𝜖𝑓
′ (2𝑁𝑓)

𝑐
 (3) 

 

where 𝜖𝑝 (epsilon p) is the plastic strain amplitude, 𝜖𝑓
′  (epsilon f) is the fatigue ductility coefficient, 𝑁𝑓 is the 

number of cycles to failure, and c is the fatigue ductility exponent. 

Morrow's model: an extension of the Coffin-Manson relationship, which includes the mean stress effect: 

 

𝜖 = 𝜖𝑓
′ (2𝑁𝑓)

𝑐
+

𝜎𝑓
′

𝐸
(2𝑁𝑓)

𝑏
 (4) 
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where 𝜖 (epsilon) is the total strain, 𝜖𝑓
′  (sigma f) is the fatigue strength coefficient, E represents Young's 

modulus, while the other terms are as previously defined. 

− Fracture mechanics approach 

Paris' Law: describes the rate of crack growth throughout the cycle, which is particularly useful in the 

context of crack propagation and high-cycle fatigue. It is given by: 

 
𝑑𝑎

𝑑𝑁
= 𝐶(∆𝐾)𝑚 (5) 

 

where 
𝑑𝑎

𝑑𝑁
 is the crack growth rate, C and mmm are material constants, and ΔK (Delta K) is the stress intensity 

factor range. 

Forman's equation: an extension of Paris' Law that considers the effect of average stress: 

 
𝑑𝑎

𝑑𝑁
=

𝐶(∆𝐾)𝑚

(1−𝑅)𝐾𝑐−∆𝐾
 (6) 

 

where R is the stress ratio 𝑅 =
𝐾𝑚𝑖𝑛

𝐾𝑚𝑎𝑥
, and 𝐾𝑐 is the fracture toughness. 

− Energy-based models 

Manson-Halford's S train energy density model: this model connects strain energy density to fatigue 

life and is beneficial for materials subjected to complex loading conditions: 

 

𝑊 =  4Δσ ×  Δϵ (7) 

 

W present the strain energy density per cycle. 

Critical plane approaches: these models, such as the Fatemi-Socie and Smith-Watson-Topper models, 

focus on the orientation of planes in the material that are most likely to experience fatigue damage. 

− Multi-axial fatigue models 

Dang Van criterion: a multi-axial fatigue criterion that considers the combination of shear stress 

amplitude and hydrostatic stress. 

Brown-Miller model: this model deals with strain components in multiple directions and is 

particularly useful for non-proportional loading conditions. 

New contribution: second Piola-Kirchhoff model 

These models provide a comprehensive framework for analyzing fatigue life under various loading conditions 

and material properties. They are widely used in engineering applications to predict the lifespan and enhance 

the reliability of mechanical components, our method based on a new proposed equation which is the second 

Piola-Kirchhoff equation, written us follow: 

To study the fatigue behavior, we used (8): 

 

𝛻𝑆 +  𝐹𝑣 = 0 (8) 

 

S represents the second Piola-Kirchhoff stress. 

Essentially, it is the equation of motion: the stress divergence is equal to the volume force. The 

discretization of this equation by the finite element method allows us to propose a fatigue prediction model. In 

addition, to take into account the material used in our simulation, material properties such as density (in Kg/m3), 

Young's modulus (in Pa) and Poisson's ratio have been introduced in the FEM model. These properties depend 

on the choice of the ring. The Methods section details the algorithms and procedures used to accurately predict 

fatigue behavior, including established models and our new approach based on the Second Piola-Kirchhoff 

model. These methodologies address the gaps identified in the introduction specifically the need for more 

comprehensive fatigue prediction models that consider complex, real-world conditions and material properties. 

The Results section will demonstrate the effectiveness of these methods through numerical simulations, 

validating the proposed approach's accuracy and reliability for predicting scraper ring fatigue life. 

 

 

3. RESULTS AND DISCUSSION 

The critical factors influencing the fatigue life of scraper rings in internal combustion engines, 

particularly under high thermo-mechanical loads, are systematically analyzed in this study. The research 

emphasizes the significance of accurate fatigue life predictions in optimizing the design of engine components, 

thereby enhancing energy efficiency and overall system reliability. Material composition is identified as a key 
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factor, with variations in elemental content and alloying significantly impacting mechanical properties and 

fatigue resistance. This aspect is crucial for ensuring optimal material selection in energy-intensive 

applications. Heat treatment processes, such as annealing, quenching, and tempering, are highlighted for their 

role in modifying mechanical properties, directly affecting the durability and operational lifespan of 

components critical in power conversion systems. Microstructural characteristics, including grain size and 

phase distribution, are essential for enhancing fatigue resistance, underscoring the need for precise control in 

the manufacturing processes of energy system components. Environmental factors such as temperature and 

corrosive elements are addressed as they influence the degradation and fatigue behavior of materials used in 

engines, which are vital in energy conversion applications. Efficient management of these factors contributes 

to extending the life of components and maintaining optimal energy output. Surface treatments and loading 

conditions are shown to play a critical role in enhancing surface integrity and managing variable stresses, which 

are prevalent in systems that involve complex power and energy conversion cycles. Through a comparative 

analysis, as depicted in Figure 2, which shows the S-N curves from [1] alongside the more recent findings by 

Zhu et al. [9], this study demonstrates how incorporating advanced fatigue models can lead to more accurate 

predictions. These insights, illustrated in Figure 2, are particularly relevant for enhancing component 

performance in energy systems, reducing inefficiencies, and fostering innovations in energy conversion 

technologies. This work contributes to the broader understanding of material performance under fatigue and 

enhances the ability to design more resilient components in energy and power systems. 
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Figure 2. Comparative S-N curves 

 

 

These differences underscore the importance of material properties and environmental factors in 

fatigue behaviour. Material composition, heat treatment processes, and microstructural characteristics play 

crucial roles in determining the fatigue resistance of components. Environmental factors such as temperature, 

humidity, and exposure to corrosive elements also significantly impact fatigue life. Our study took these 

variables into account to refine the predictive accuracy of our models. The improved accuracy of our model 

highlights the advancements in material science and experimental techniques over the past decades. 

Innovations in material processing have enabled the development of components with enhanced fatigue 

properties. The strain-life (ε-N) approach, exemplified by the Coffin-Manson model [3], [4], provides a more 

detailed analysis for low-cycle fatigue scenarios. This method considers both elastic and plastic strains, offering 

a comprehensive understanding of fatigue behaviour under cyclic plastic deformation. Figure 3 shows the 

comparison of our strain-life results with those predicted by the Coffin-Manson model, demonstrating good 

agreement, particularly in low-cycle fatigue regimes where plastic deformation is significant. 

Fracture mechanics approaches, such as Paris' Law [5] and Forman's equation (Forman, 1967), focus 

on the propagation of cracks and have been instrumental in understanding fatigue crack growth rates. These 

models are particularly useful for predicting the remaining life of a component once a crack has initiated.  

Figure 4 illustrates the crack growth rate curves from our study alongside those predicted by Paris' Law and 

Forman's equation. Our results align well with these models, confirming their applicability in predicting the 

fatigue life of scraper rings once cracks have initiated. 
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Figure 3. Comparative strain-life (ε-N) curves 

 

Figure 4. Comparative crack growth rate curves 

 

 

Recent advancements have expanded classical models to include energy-based approaches and multi-

axial fatigue criteria. The Manson-Halford strain energy density model [8] correlates the strain energy density 

with fatigue life, providing an alternative perspective on fatigue damage accumulation. Additionally, the Dang 

Van criterion [9] addresses fatigue under complex, multi-axial stress states, making it applicable to more 

intricate loading conditions. Figure 5 compares the fatigue life predictions using the Manson-Halford model 

and the Dang Van criterion with our study's results, highlighting the effectiveness of these models under multi-

axial stress conditions. 

Contemporary studies, such as those by Jirandehi and Khonsari [22] and Shi et al. [23] have 

highlighted the importance of variable amplitude loading and the impact of surface treatments on fatigue life. 

Figure 6 compares our fatigue life estimations under varying frequency conditions of loading with those of 

Matsubara et al. [26]. Our findings demonstrate the robustness of our model under variable loading conditions, 

consistent with the results from. 
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Figure 5. Comparative fatigue life predictions using 

Manson-Halford and Dang Van models 

 

Figure 6. Comparative fatigue life predictions 

under variable amplitude loading 

 

 

Overall, our study contributes to the field by validating and extending previous models, offering new 

insights into the fatigue life of scraper rings under various operational conditions. By incorporating both 

classical and contemporary approaches, our research provides a comprehensive understanding of the factors 

influencing fatigue behaviour in automotive engine components. 

A typical stress-strain curve, which is used in materials science and mechanical engineering to 

evaluate the mechanical properties of materials, is depicted in Figure 7. The study examine the salient 

characteristics and deduce the meaning of this graph. The horizontal axis shows the strain. This represents 
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strain, which is a definitive measure of the deformation of the material. It is dimensionless and is expressed as 

a percentage. Strain is calculated as the change in length divided by the original length. The vertical axis 

represents stress. This represents stress, which is the measure of the internal forces in a material per unit area. 

It is expressed in megapascals (MPa). The curve starts from the origin (0,0), which clearly indicates that when 

there is no strain, there is no stress. As strain increases, stress also increases, demonstrating a non-linear 

relationship. This behaviour definitively shows that the material exhibits a nonlinear elastic response, where 

the relationship between stress and strain is not constant. The curve clearly flattens out as it approaches a 

maximum stress value. This clearly indicates that the material is nearing its ultimate tensile strength – the 

maximum stress that the material can withstand before failure. The initial linear region is as follows: At low 

strains, the curve will have a linear portion (not shown due to the resolution), where the material behaves 

elastically according to Hooke's Law. In this region, stress is proportional to strain. Non-linear region: As strain 

increases, the material departs from linear elasticity, indicating that plastic deformation is occurring and that 

permanent deformation is taking place. Ultimate strength: the peak of the curve represents the material's 

ultimate tensile strength, which is the highest stress that the material can sustain. 
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Figure 7. Key variables impacting fatigue life in our case of study 

 

 

The present study provides a comprehensive analysis of material behavior under various mechanical 

loading conditions, integrating key insights from stress-strain curves, fatigue data, and crack growth analysis. 

The S-N curve (stress amplitude vs cycles to failure) is a fundamental tool for assessing a material's fatigue 

life under cyclic stress, revealing how long a material can endure varying stress levels before failure occurs. 

The comparative analysis between fatigue life and multi-axial stress amplitude highlights a clear trend: as the 

multi-axial stress amplitude increases, the fatigue life decreases. This observation is crucial for understanding 

material performance under complex loading scenarios, where multi-axial stresses are prevalent. In examining 

the progression of cracks rate (da/dN) vs the stress intensity variation (ΔK) to show the material's resistance to 

crack propagation and durability under cyclic loading. The stress-strain graph explains the material's behavior 

under tensile loading by distinguishing between elastic and plastic deformation zones and determining the final 

tensile strength. These curves are pivotal in determining the material's strength, ductility, and toughness, all of 

which are essential for predicting its behavior under both static and dynamic conditions. The correlation 

between tensile strength, as depicted in the stress-strain curve, and fatigue performance is particularly 

noteworthy. Materials exhibiting higher tensile strength generally show enhanced fatigue life at lower stress 

amplitudes, as reflected in the S-N curve. This relationship underscores the importance of strain hardening, 

where materials with greater strain hardening (indicated by a steeper post-yield slope) tend to exhibit better 

fatigue resistance due to more uniform stress distribution during cyclic loading. Moreover, the study explores 

the interplay between material toughness and crack propagation resistance. Materials having higher toughness, 

as measured by the area over the curve representing stress-strain, have lower crack propagation rates, indicating 

better energy absorption before fracture. The presence of a well-developed plastic zone in the stress-strain 

curve also aids in crack closure, lowering crack growth rates under cyclic loading circumstances .The impact 

of multi-axial loading on fatigue life is also examined, with the stress-strain curve providing important 

information on the material's yield surface, which is key for forecasting behavior under such conditions. The 

findings reveal that fatigue life diminishes with increasing multi-axial stress amplitude, particularly in materials 

with lower ductility. Anisotropic materials, which exhibit directional dependencies, show variations in the 

stress-strain curve shape and multi-axial fatigue life, emphasizing the need to consider these factors in material 

design and analysis. In conclusion, the study's findings, as illustrated in Figure 7, highlight the interdependency 
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between static mechanical properties such as tensile strength, ductility, and toughness and dynamic fatigue 

behaviors. The data suggest that the materials under investigation possess a balanced combination of strength 

and ductility, leading to improved fatigue resistance and reduced crack growth rates compared to standard 

models and previous studies. These relationships underscore the critical role of stress-strain curves and fatigue 

data in understanding and predicting material performance under diverse loading conditions. The Table 1 

organized the key aspects of material behavior, the related insights, and comments to better understand the 

comparisons and relationships discussed in the study. 

 

 

Table 1. Comparative analysis of material behavior under mechanical loading conditions 
Aspect of study Key insight Comment 

Stress-strain curve analysis Distinguishes between elastic and plastic 

deformation zones and determines final tensile 

strength. 

Critical for evaluating material's strength, 

ductility, and toughness under tensile loading. 

S-N curve (stress amplitude 

vs cycles to failure) 

Reveals material's fatigue life under cyclic 

stress. 

Highlights that fatigue life decreases with 

increasing multi-axial stress amplitude. 

Fatigue life vs multi-axial 
stress amplitude 

Fatigue life diminishes as multi-axial stress 
amplitude increases. 

Important for understanding material performance 
under complex loading scenarios. 

Crack growth rate (da/dN) 

vs stress intensity (ΔK) 

Analyzes resistance to crack propagation and 

material durability under cyclic loading. 

Shows how materials with higher toughness 

exhibit better crack resistance. 
Correlation between 

tensile strength and fatigue 
life 

Higher tensile strength materials demonstrate 

enhanced fatigue life at lower stress amplitudes. 

Indicates the importance of strain hardening for 

better fatigue resistance. 

Impact of strain hardening Greater strain hardening (steeper post-yield 

slope) improves fatigue resistance. 

Enables more uniform stress distribution during 

cyclic loading. 
Material toughness and 

crack propagation 

Higher toughness leads to lower crack 

propagation rates. 

Tougher materials absorb more energy before 

fracture, improving fatigue resistance. 

Multi-axial loading and 
yield surface 

Stress-strain curve helps predict material 
behavior under multi-axial loading. 

The material's yield surface is essential for 
forecasting performance in multi-axial stress 

conditions. 

Anisotropy and multi-axial 
fatigue life 

Anisotropic materials exhibit directional 
dependencies affecting fatigue life. 

Highlights the need to consider anisotropy in 
material design and fatigue analysis. 

Key observations Interdependency between tensile strength, 

ductility, toughness, and fatigue behavior is 

established. 

Data reveals a balance between strength and 

ductility improves fatigue resistance and crack 

growth rates. 

 

 

Tensile strength vs fatigue resistance: materials with high tensile strength and effective strain 

hardening exhibit improved fatigue life, particularly at lower stress amplitudes. Multi-axial stress impact: 

increasing multi-axial stress leads to reduced fatigue life, especially in less ductile materials, which is critical 

for practical applications. Crack growth resistance: tougher materials, with greater energy absorption 

capabilities, show lower crack growth rates, which aids in durability under cyclic loading. The study's findings 

underscore the significant interplay between static properties (like strength, toughness) and dynamic fatigue 

performance, crucial for designing materials capable of withstanding diverse loading conditions, as illustrated 

in Figure 7. This table approach clarifies how integrating classical and modern numerical insights enhances 

material design, predicting both mechanical resilience and fatigue endurance effectively. 

 

 

4. CONCLUSION 

Recent observations indicate that the integration of classical theories with modern numerical methods 

significantly enhances our understanding of material performance under fatigue. Our findings offer definitive 

proof that this advancement is linked to the systematic alteration brought by modern numerical techniques such 

as improved analysis of S-N curves, the Coffin-Manson relationship, and crack growth theories rather than 

being simply due to the inherent predictive limits of classical models. This study validates the continued 

relevance of classical models while clearly demonstrating that modern numerical approaches significantly 

enhance their accuracy and applicability to contemporary challenges. These insights suggest that researchers 

and engineers should not only rely on foundational theories but actively incorporate advanced computational 

methods to refine the predictive capabilities of materials under fatigue. Potential applications of these findings 

extend to the design and engineering of high-performance materials, particularly in critical sectors like 

aerospace, energy, and automotive industries, where durability and reliability are essential. Furthermore, this 

work suggests an extension into exploring the combined effects of new material compositions, such as novel 

alloys and composites, under various conditions using these enhanced numerical techniques. By highlighting 

the capabilities of modern numerical approaches alongside classical theories, our study opens new avenues for 

material innovation, including advancements in additive manufacturing and surface engineering. This 
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ultimately provides a pathway towards optimized and resilient material designs that are well-suited for the 

demands of future technologies. 
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