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1.0	 INTRODUCTION
Lightweight metallic alloys have become indispensable in 
high-performance industries such as aerospace, automotive, 
and civil engineering, where the demand for materials that 
can reduce weight while maintaining mechanical strength and 
durability is constantly growing. These materials play a crucial 
role in improving fuel efficiency, enhancing performance, and 
reducing emissions, particularly in the context of global efforts 
to develop more sustainable engineering solutions (Estrin 
& Vinogradov, 2010; Zhang & Xu, 2022). However, despite 
their numerous advantages, lightweight alloys, particularly 
aluminium (e.g., AA7075) and titanium (e.g., Ti-6Al-4V), 
are prone to fatigue failure. This phenomenon occurs when 
materials experience progressive and localised structural 
damage due to cyclic loading over time (Shanyavskiy & 
Soldatenkov, 2022; Zhang et al., 2018). Fatigue failure remains 
a critical limitation in the design and application of metallic 
alloys, making the improvement of fatigue life a central focus 
of research.   

Fatigue failure typically initiates at stress concentrations, 
where localised high stresses lead to crack initiation and 
subsequent crack propagation, eventually resulting in 
catastrophic failure (Sawada et al., 2021; Canna et al., 2021). 
This challenge is particularly pronounced in aerospace and 
automotive components that are subject to repetitive stress 
cycles over extended periods (Ke et al., 2020). For example, 
fatigue-induced failures account for a significant proportion 
of mechanical failures in aircraft structures, leading to costly 
maintenance, safety risks, and operational disruptions (Wei 
et al., 2023). Enhancing fatigue resistance in these alloys is 
thus critical not only for extending the lifespan of components 

but also for improving the safety and reliability of structures 
exposed to dynamic loading conditions (Zhang et al., 2012; 
Owuor et al., 2017).

The urgency to extend the fatigue life of lightweight metallic 
alloys has intensified in recent years for several key reasons. 
First, industries such as aerospace and automotive are under 
increasing pressure to push the boundaries of performance 
while simultaneously improving sustainability. Components in 
these industries are exposed to thousands or even millions of 
stress cycles over their operational lifespans, making fatigue a 
primary concern for ensuring safety and reliability (Sharma & 
Hiremath, 2022; Afkhami et al., 2019). For instance, in aircraft, 
fatigue failure can lead to catastrophic outcomes, highlighting 
the necessity of designing materials with improved fatigue 
resistance (Ke et al., 2020). Despite advancements in material 
science, fatigue failure remains a leading cause of structural 
breakdowns in many applications, further underscoring the 
importance of this research (Shanyavskiy & Soldatenkov, 
2022; Ye et al., 2022).

In addition to safety concerns, economic and environmental 
considerations also drive the need for fatigue-resistant 
materials. Lightweight metallic alloys are integral to the 
design of fuel-efficient vehicles and aircraft, and extending 
their operational life directly contributes to sustainability by 
reducing material consumption, manufacturing waste, and 
carbon emissions (Schoenung & Olivetti, 2023; Benedetti et 
al., 2024). As governments and industries worldwide seek to 
meet stricter environmental regulations, developing materials 
with enhanced fatigue life has become a critical strategy for 
achieving long-term sustainability goals (Canna et al., 2021; 

INVESTIGATING THE IMPACT OF BIO-INSPIRED
STRUCTURAL DESIGN ON THE FATIGUE LIFE
OF LIGHTWEIGHT METALLIC ALLOYS
H. C. O. Unegbu1*, D.S. Yawas2

Abstract
This study investigates the impact of bio-inspired structural designs on the fatigue life 
of lightweight metallic alloys—AA7075 aluminium and Ti-6Al-4V titanium. Leveraging 
advanced additive manufacturing, three bio-inspired geometries (honeycomb, 
trabecular, and cellular lattice) were fabricated and evaluated against traditional 
solid block designs under cyclic loading. The results demonstrated substantial 
improvements in fatigue performance: the honeycomb structure extended fatigue 
life by approximately 340% in AA7075 and 329% in Ti-6Al-4V compared to their 
respective solid block counterparts. Trabecular and lattice designs also exhibited 
fatigue life enhancements ranging from 200% to 280%. Stress-life (S-N) curve 
analysis and Weibull distribution further confirmed the improved durability and 
reliability of the bio-inspired geometries. These findings underscore the promise of 
bio-inspired design in prolonging component life in fatigue-prone applications such 
as aerospace, automotive, and biomedical engineering. The study also highlights 
additive manufacturing’s capacity to realise complex, optimised structures, enabling 
new frontiers in material efficiency, reliability, and sustainability.

Received: 7 April, 2025
Revised: 10 July, 2025
Accepted: 10 September, 2025
1,2Department of Mechanical 
Engineering, Ahmadu Bello 
University, Zaria, Nigeria.

*Corresponding author:
chidieberehyg@gmail.com

DOI:
https://doi.org/10.54552/v86i4.290

Keywords:
Bio-inspired design, Fatigue 
resistance, Lightweight alloys, Additive 
manufacturing, S-N curves



IEM Journal – The Institution of Engineers, Malaysia (Vol. 86, No. 4, December 2025)18

INVESTIGATING THE IMPACT OF BIO-INSPIRED STRUCTURAL DESIGN ON THE FATIGUE LIFE
OF LIGHTWEIGHT METALLIC ALLOYS

Jiang et al., 2023). Improving the fatigue life of materials 
through innovative structural designs, such as bio-inspired 
geometries, could dramatically reduce the need for frequent 
component replacements, thus minimising resource use and 
production-related emissions (Wei et al., 2023).

Furthermore, advancements in additive manufacturing 
technologies now enable the fabrication of complex bio-
inspired designs, which can be precisely tailored to improve 
mechanical properties, including fatigue resistance (Yang et 
al., 2022; Zhang et al., 2022). However, despite the promise 
of bio-inspired geometries, there remains a significant gap in 
the literature regarding their impact on the fatigue life of 
widely used lightweight metallic alloys. While the mechanical 
performance of these alloys in static loading conditions has 
been extensively studied, fewer investigations have explored 
their dynamic performance under cyclic loading when 
designed with bio-inspired architectures (Zhang et al., 2018; 
Afaghi et al., 2023). This lack of comprehensive data on 
bio-inspired designs in cyclic loading conditions presents a 
significant research gap that this study seeks to address. By 
exploring how bio-inspired structural designs affect the fatigue 
life of lightweight metallic alloys, this research provides 
critical insights into the potential for these designs to 
enhance the durability and performance of materials in real-
world applications (Ng et al., 2017). The findings of this study 
have the potential to significantly influence industries seeking 
to design more reliable, long-lasting components for high-
performance applications, such as aerospace and automotive 
manufacturing.

Fatigue failure in metallic alloys is a well-documented 
challenge, particularly in high-stress environments where 
components are subjected to cyclic loading. The initiation 
and propagation of cracks due to repeated stress cycles can 
result in material failure at stress levels well below the ultimate 
tensile strength of the alloy (Shanyavskiy & Soldatenkov, 
2022; Khalifeh, 2023). In materials such as aluminium and 
titanium alloys, fatigue-induced failures are typically initiated at 
microstructural defects or stress concentrators, such as sharp 
corners, inclusions, or surface imperfections (Elangeswaran et 
al., 2020; Zhang et al., 2023). As a result, traditional designs for 
metallic components often exhibit limited fatigue life, especially 
in demanding applications where dynamic loading is prevalent 
(Ramoni et al., 2022).

Bio-inspired structural designs, which mimic the highly 
efficient load-bearing and stress-distributing structures found 
in nature, offer a promising solution to this challenge (Perez-
Garcia & Gómez-Martínez, 2009). Nature has evolved structural 
systems that are optimised for mechanical performance, 
including the ability to resist fatigue and crack propagation 
(Taylor, 2014). Examples of these natural structures include 
the cellular arrangement of honeycombs, the hierarchical 
structure of bone, and the spiral or helical arrangements found 
in shells and plants (Bilhère-Dieuzeide et al., 2022). These 
designs minimise stress concentrations and distribute loads 
more evenly across the structure, thereby improving fatigue 
resistance and delaying crack initiation (Afaghi et al., 2023; 
Cao et al., 2022).

Recent advancements in additive manufacturing 
technologies, such as selective laser melting (SLM) and 
electron beam melting (EBM), have enabled the precise 
fabrication of bio-inspired geometries in metallic alloys (Yang 
et al., 2022). These technologies allow for the creation of highly 
complex internal structures that were previously impossible 
to manufacture using conventional techniques (Zhang et al., 
2022; Xie et al., 2019). As a result, bio-inspired designs, such 
as cellular lattices and honeycomb structures, can be integrated 
into metallic components to enhance their mechanical 
performance, particularly in terms of fatigue resistance (Ke 
et al., 2020; Wang, 2019). Despite these advances, there is 
limited empirical data on how bio-inspired designs affect the 
fatigue life of metallic alloys under cyclic loading, particularly 
in lightweight materials like AA7075 and Ti-6Al-4V (Mirhakimi 
et al., 2024). This study is motivated by the potential of bio-
inspired structural designs to significantly enhance the fatigue 
life of metallic alloys. By investigating the effects of various bio-
inspired geometries on fatigue resistance, this research aims 
to provide valuable insights into the design of more durable, 
lightweight components for high-performance applications 
(Zhang et al., 2023). Given the growing demand for materials 
that can withstand dynamic loading while reducing weight and 
environmental impact, the findings of this study could have far-
reaching implications for industries that rely on metallic alloys 
(Benedetti et al., 2021).

The primary objective of this study is to investigate the 
impact of bio-inspired structural designs on the fatigue life of 
lightweight metallic alloys, specifically AA7075 aluminium and 
Ti-6Al-4V titanium alloys. The study will evaluate how different 
bio-inspired geometries, such as honeycomb and cellular lattice 
structures, influence the fatigue performance of these alloys 
when subjected to cyclic loading (Peng et al., 2021). Traditional 
solid designs will be used as a baseline for comparison. 
The hypothesis is that bio-inspired structural designs will 
significantly improve the fatigue life of lightweight metallic 
alloys by reducing stress concentrations and improving the 
distribution of mechanical loads (Yan et al., 2024). Through the 
fabrication and testing of bio-inspired and traditional designs, 
this study will provide empirical evidence on the effectiveness 
of bio-inspired geometries in enhancing fatigue resistance 
(Williams et al., 2003). The findings will have implications for 
the design and optimisation of materials used in high-stress, 
cyclic loading applications, such as aerospace and automotive 
components (Ransom, 2003).

2.0	 MATERIALS AND METHODS 

2.1	 Materials
This study investigated two commonly used lightweight metallic 
alloys: AA7075 aluminium and Ti-6Al-4V titanium. Both alloys 
are extensively utilised in industries requiring materials with 
high strength-to-weight ratios, such as aerospace, automotive, 
and biomedical engineering (Puchi-Cabrera et al., 2008; Han 
et al., 2021). These alloys have proven to be highly effective 
in weight-sensitive applications but are also prone to fatigue 
failure when subjected to cyclic stresses (Zhang et al., 2012; 
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Afaghi et al., 2023). AA7075 is an aluminium alloy known 
for its high strength and relatively good fatigue resistance 
compared to other aluminium alloys. It is frequently used 
in aircraft structures and components due to its balance 
between lightweight characteristics and mechanical durability 
(Estrin & Vinogradov, 2010; Tsai et al., 2014). However, it 
is susceptible to fatigue failure, particularly in the presence 
of stress concentrators. Ti-6Al-4V is a titanium alloy prized 
for its excellent fatigue strength, corrosion resistance, and 
biocompatibility, which makes it a common choice for both 
aerospace components and biomedical implants (Shanyavskiy 
& Soldatenkov, 2022; Ma et al., 2024). Despite its favourable 
properties, Ti-6Al-4V is also vulnerable to fatigue under cyclic 
loading, particularly in harsh environments (Peng et al., 2021; 
Dong et al., 2022). Nevertheless, it remains one of the most 
widely used titanium alloys in high-performance engineering 
due to its overall mechanical robustness, making it a highly 
relevant candidate for fatigue studies.

The selection of AA7075 and Ti-6Al-4V in this study is 
therefore justified not only by their widespread use in critical 
load-bearing applications but also by the contrasting fatigue 
behaviours they exhibit under operational conditions. AA7075 
represents a typical high-strength aluminium alloy used in 
structural applications, while Ti-6Al-4V offers insight into the 
fatigue performance of a titanium alloy that is inherently strong 
but environment-sensitive. Studying both alloys under identical 
geometric modifications allows for a more comprehensive 
assessment of how bio-inspired designs influence fatigue life 
across different material systems with varying baseline fatigue 
characteristics.

The study utilised three bio-inspired structural designs—
honeycomb, trabecular, and cellular lattice structures—
fabricated using both AA7075 and Ti-6Al-4V alloys. These 
designs were selected for their potential to enhance mechanical 
properties by improving load distribution and delaying crack 
initiation and propagation, which are critical factors in extending 
fatigue life (Zhang et al., 2018; Yin et al., 2021). Traditional 
solid blocks of the same dimensions were also fabricated for 
comparison, allowing for the evaluation of the effectiveness of 
bio-inspired designs in improving fatigue resistance.

2.2	 Fabrication Process
The specimens were fabricated using advanced additive 
manufacturing (AM) techniques, which are ideal for producing 
complex internal structures such as bio-inspired geometries. 
Specifically, Selective Laser Melting (SLM) was employed to 
fabricate the AA7075 aluminium specimens, while Electron 
Beam Melting (EBM) was used for the Ti-6Al-4V titanium 
alloy specimens. These powder-bed fusion methods were 
chosen due to their precision and ability to produce dense 
parts with fine microstructures that are difficult to achieve using 
traditional subtractive manufacturing processes (Jiang et al., 
2023; Yi et al., 2024). SLM is a laser-based AM technique in 
which a high-power laser selectively melts layers of powdered 
material, following the contours of a 3D model. This process 
was used for AA7075 due to its better control over thermal 
gradients and lower porosity formation, which are critical for 

producing mechanically robust aluminium components (Safai 
et al., 2019; Zhao et al., 2008). For Ti-6Al-4V, EBM was used. 
EBM employs an electron beam as the energy source and 
is conducted in a vacuum environment, which is particularly 
well-suited for processing reactive metals like titanium. The 
EBM process also minimises residual stresses and achieves 
superior metallurgical bonding in high-melting-point alloys 
(Yang et al., 2022; Wang et al., 2024).

Prior to fabrication, computer-aided design (CAD) software 
(e.g., SolidWorks) was used to model the four specimen 
types: solid block, honeycomb, trabecular, and cellular lattice. 
The internal architectures of the bio-inspired designs were 
optimised to ensure consistent wall thickness, cell dimensions, 
and structural balance. Each specimen was modelled with 
identical external dimensions (e.g., 20 mm × 10 mm × 10 
mm), ensuring consistency in boundary conditions across all 
fatigue tests. The CAD models were converted into STL files 
and processed with slicing software to generate toolpaths for 
the SLM and EBM machines. After fabrication, all specimens 
underwent post-processing steps to ensure surface quality and 
dimensional accuracy. This included support removal, light 
mechanical polishing to eliminate residual surface roughness, 
and inspection for manufacturing defects. These steps were 
crucial in eliminating unwanted stress concentrators on the 
surface, which could otherwise bias the fatigue test results 
(Afaghi et al., 2023; Miller, 2012).

A schematic representation of the specimen geometries—
solid block, honeycomb, trabecular, and cellular lattice—is 
provided in Figure 1, illustrating their internal structure and 
overall dimensions. All specimens were modelled with identical 
external dimensions (e.g., 50 mm × 10 mm × 10 mm) to ensure 
uniform boundary conditions during fatigue testing. Geometric 
features such as cell size and wall thickness were optimised to 
balance weight reduction and mechanical integrity.

2.3	 Experimental Setup
Fatigue testing was performed using an MTS Landmark servo-
hydraulic fatigue testing machine, which provides precise control 
over loading parameters such as stress amplitude, frequency, and 
load ratios. Specimens were subjected to uniaxial cyclic loading 
at a frequency of 10 Hz, with a stress ratio (R) of 0.1. This stress 
ratio, defined as the ratio of minimum to maximum applied stress 
during each loading cycle, is commonly used to simulate the 
tension-tension loading conditions prevalent in aerospace and 
automotive applications (Ke et al., 2020; Afaghi et al., 2023).

Figure 1: CAD models of the four specimen
geometries used in this study

(a) Solid block; (b) Honeycomb structure;
(c) Trabecular structure; and (d) Cellular lattice structure
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Testing was carried out under room temperature conditions, 
with specimens loaded until failure or until a maximum of 
10 million cycles was reached, whichever occurred first. 
The maximum stress applied during testing was based on 
approximately 50% of the material’s ultimate tensile strength 
(UTS), calibrated to remain within the elastic range while being 
sufficient to induce fatigue failure over time. Specifically, the 
applied stress range was approximately 280–300 MPa for 
AA7075 and 440–460 MPa for Ti-6Al-4V, based on typical 
UTS values for these alloys (Mei et al., 2023). The testing 
conditions were designed to mimic real-world operational 
scenarios where components are subjected to fluctuating 
loads over extended periods (Salifu & Olubambi, 2024; Yadav 
et al., 2024). The schematic of the fatigue testing setup used 
in this study is illustrated in Figure 2. Key components include 
the hydraulic actuator, load cell, grips, and test specimen 
positioned centrally. The setup enables uniaxial cyclic loading 
under controlled conditions.

2.4	 Data Collection and Analysis
The number of cycles to failure (Nf) for each specimen was 
recorded, and stress-life (S–N) curves were plotted to visualise 
the relationship between applied stress amplitude and 
fatigue life. S–N curves are essential for evaluating fatigue 
performance, as they provide insight into the endurance limit 
of materials and how long they can withstand cyclic loading 
before failure (Strzelecki et al., 2021; Yang et al., 2022). 
The bio-inspired designs were compared to traditional solid 
block specimens to assess the impact of geometry on fatigue 
resistance. To ensure statistical robustness, three specimens 
for each design and material configuration were tested, and 
the mean fatigue life was calculated (Kluger & Łagoda, 2013).

Statistical methods such as ANOVA and Weibull analysis 
have been widely employed in fatigue studies to evaluate 
variability and failure probabilities across test conditions 

(Zhou et al., 2021; Xie & Lai, 1996) and are particularly 
effective in comparing performance across complex geometries 
(Macek et al., 2022; Richard & Sander, 2016; Cui et al., 2022). 
These methods enhance the interpretation of fatigue life trends 
and support reliability-based design strategies (Zainulabdeen 
et al., 2024).

3.0	 RESULTS AND DISCUSSION 

3.1	 Fatigue Life Performance
Fatigue life performance for each of the tested designs, 
represented by the number of cycles to failure (Nf), is summarised 
in Table 1. The bio-inspired designs—honeycomb, trabecular, 
and cellular lattice structures—exhibited significantly improved 
fatigue life compared to the traditional solid block designs, 
across both AA7075 and Ti-6Al-4V alloys. These results 
support the hypothesis that bio-inspired geometries enhance 
fatigue resistance, likely by reducing stress concentrations and 
promoting more uniform load distribution—mechanisms that 
are well-documented in literature (Zhang et al., 2024; Meng 
et al., 2019), but were inferred in this study based on fatigue 
life performance, as no direct microstructural or stress-field 
measurements were conducted.

This result aligns with existing literature showing that 
honeycomb structures, known for their excellent energy 
absorption and stress distribution, significantly outperform 
traditional designs in terms of fatigue resistance (Yin et al., 
2021; Jen & Chang, 2008). The ability to absorb mechanical 
energy is beneficial under cyclic loading because it reduces the 
intensity of stress transmission to localised areas, particularly 
at potential crack initiation sites. Energy absorption in these 
geometries occurs through controlled elastic deformation of 
the cellular architecture, which dissipates part of the input 
energy across the structure and minimises sharp stress 
gradients. This, in turn, reduces the accumulation of damage in 
specific regions and delays the onset of fatigue crack initiation 
and propagation. Similarly, the trabecular and cellular lattice 
designs also exhibited substantial improvements in fatigue life, 
although their performance was slightly lower than that of the 
honeycomb design. These results are consistent with studies 
that emphasise the advantages of bio-inspired structures in 
improving fatigue life by reducing stress concentrations and 
distributing mechanical loads more effectively (Shirzad et al., 
2024; Fernandes & Tamijani, 2021).

Figure 2: Schematic diagram of the fatigue testing setup
using an MTS Landmark servo-hydraulic machine

Table 1: Mean Fatigue Life for Bio-Inspired
and Traditional Designs

Design Type Material Mean Fatigue Life (Cycles)
Solid Block AA7075 500,000
Honeycomb AA7075 2,200,000
Trabecular AA7075 1,900,000

Cellular Lattice AA7075 1,600,000
Solid Block Ti-6Al-4V 700,000
Honeycomb Ti-6Al-4V 3,000,000
Trabecular Ti-6Al-4V 2,500,000

Cellular Lattice Ti-6Al-4V 2,100,000
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3.2	 Stress-Life (S-N) Curves
The stress-life (S–N) curves provide a graphical representation 
of the relationship between stress amplitude and fatigue life for 
the various designs (Figure 3). These curves reveal that the 
bio-inspired structures had a much flatter slope compared to 
the traditional solid block designs, indicating superior fatigue 
resistance, particularly at lower stress amplitudes (Zhao et al., 
2024; Murakami et al., 2021). The data clearly show that the 
bio-inspired designs can endure a higher number of cycles 
before failure at equivalent stress levels, further confirming 
their improved fatigue performance.

Each curve represents the mean fatigue life performance 
for a specific geometry and material combination. The 
honeycomb, trabecular, and cellular lattice structures show 
markedly improved fatigue resistance over solid blocks in both 
materials, with Ti-6Al-4V specimens exhibiting overall higher 
fatigue performance due to their greater yield strength. For the 
AA7075 specimens, at 50% of the material's ultimate tensile 
strength (UTS), the honeycomb structure survived for more 
than 2 million cycles, whereas the solid block design failed after 
just 500,000 cycles. Similarly, in Ti-6Al-4V, the honeycomb 
design outperformed the solid block design, enduring 3 million 
cycles at a comparable stress level, while the solid block design 
failed at around 700,000 cycles.

3.3	 Weibull Distribution Analysis
A Weibull distribution analysis was performed to assess the 
reliability of the fatigue life data for each design and to predict 
the likelihood of failure under different loading conditions. 
The Weibull probability plots for bio-inspired and traditional 
designs are shown in Figure 4. The shape parameter (β), which 
indicates the variability in fatigue life, and the scale parameter 
(η), representing the characteristic life (the cycle count at which 
63.2% of the specimens are expected to fail), were calculated 
for each design (Wang & Jiang, 2023; Basart et al., 2022).

Bio-inspired structures, especially honeycomb, exhibited 
higher reliability and reduced variability in fatigue life compared 
to traditional solid blocks.The honeycomb design showed a β 
value of 2.3, indicating lower variability and a more predictable 
failure pattern, whereas the traditional solid block design 
exhibited a β value of 1.5, indicating higher variability in fatigue 
life. The characteristic life (η) for the honeycomb design was 

2.3 million cycles in AA7075 and 3.5 million cycles in Ti-6Al-
4V, while the solid block design had significantly lower η 
values of 500,000 cycles for AA7075 and 700,000 cycles for 
Ti-6Al-4V. These findings suggest that bio-inspired designs not 
only extend fatigue life but also improve the predictability 
of failure, which is essential for components used in critical 
applications where reliability is paramount (Shirzad et al., 
2024; Díaz et al., 2024).

3.4	 Discussion of Findings
The results of this study have demonstrated that bio-inspired 
structural designs significantly enhance the fatigue life of 
lightweight metallic alloys. The honeycomb, trabecular, and 
cellular lattice designs exhibited substantial improvements in 
fatigue performance when compared to traditional solid block 
designs. This section provides a detailed interpretation of the 
results, explores the underlying mechanisms that contribute to 
the improved fatigue life, and highlights the broader implications 
of these findings for future material design and applications in 
fatigue-prone environments (Zhang et al., 2024; Tancogne-
Dejean et al., 2020).

3.4.1  Interpretation of Results
The significant improvement in fatigue life observed in the 
bio-inspired designs can be directly attributed to the ability of 
these structures to distribute mechanical loads more evenly 
and mitigate localised stress concentrations. The honeycomb 
structure, in particular, exhibited the highest fatigue resistance 
across both AA7075 and Ti-6Al-4V alloys. This result aligns 
with previous research indicating that honeycomb structures 
are highly efficient at energy absorption and stress dissipation 
due to their optimised geometric configurations (Yin et al., 2021; 
Jen & Chang, 2008). An important aspect of understanding 
the fatigue performance of these honeycomb designs is 
considering the relationship between yield strength and fatigue 
life. In metallic materials, yield strength defines the limit beyond 
which plastic deformation begins under static loading. Although 
fatigue failure typically occurs below the yield strength, higher 
yield strength generally improves the material’s ability to 
withstand repeated elastic deformation, thereby delaying 

Figure 3: Stress-life (S-N) curves for bio-inspired
and traditional solid block designs fabricated from AA7075 

aluminium and Ti-6Al-4V titanium alloys

Figure 4: Weibull probability plot for bio-inspired and 
traditional solid block designs
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fatigue crack initiation (Meng et al., 2019; Zhao et al., 2024). In 
this study, Ti-6Al-4V exhibits a significantly higher yield strength 
than AA7075, which contributes to its overall superior fatigue 
performance in both solid and honeycomb configurations.

However, the honeycomb geometry amplifies this 
relationship by enhancing the elastic load-sharing behaviour 
of both materials. For AA7075, which has a lower yield 
strength compared to Ti-6Al-4V, the honeycomb structure 
serves to mitigate this limitation by redistributing stresses, 
thereby lowering peak stress intensity in localised regions 
and postponing the onset of fatigue damage. In Ti-6Al-4V, the 
higher inherent yield strength works synergistically with the 
honeycomb geometry to provide even greater resistance to both 
microplastic deformation and fatigue crack nucleation under 
cyclic loading. Thus, the fatigue life of honeycomb structures 
is not only a function of their geometry but is also modulated 
by the material’s ability to resist plasticity at critical locations, 
which is directly linked to its yield strength. This relationship 
explains why Ti-6Al-4V honeycomb specimens consistently 
outperformed their AA7075 counterparts in fatigue life, and 
also demonstrates that the benefits of bio-inspired design are 
maximised when combined with materials possessing high 
yield strength and fracture resistance.

3.4.2  Structural Influence on Fatigue Life
The superior fatigue performance of the bio-inspired designs 
is closely related to their geometric features, which play a 
crucial role in enhancing stress distribution and mitigating 
crack propagation. The honeycomb structure, with its repeating 
hexagonal cells, is well-known for its high strength-to-weight 
ratio and energy absorption capabilities, making it particularly 
effective at improving fatigue life (Sun et al., 2023; Tancogne-
Dejean et al., 2020). Honeycomb geometries have been 
extensively studied in both natural and engineered systems 
for their ability to resist mechanical degradation, and this study 
provides further evidence of their effectiveness in fatigue-prone 
applications (Zhang et al., 2024; Williams & Ritchie, 1999).

The enhanced fatigue life observed in the honeycomb 
design can be primarily attributed to its ability to reduce stress 
concentrations through geometric uniformity and controlled load 
redirection. As illustrated in Figure 5a, when subjected to cyclic 
loading, the hexagonal honeycomb arrangement allows for 
distributed stress transfer across a network of interconnected 
cell walls. This geometric configuration minimises local peak 
stresses that typically trigger crack initiation. If a crack does 
form, it is forced to follow a curved or angular path around the 
hexagonal voids, resulting in a tortuous crack propagation 
route that increases the energy barrier for crack advancement. 
This phenomenon of crack deflection and arrest delays the 
transition from microcrack to macrocrack, contributing directly 
to the prolonged fatigue life (Yin et al., 2021; Jen & Chang, 2008).

Moreover, the honeycomb's periodic architecture enhances 
load path redundancy, meaning that localised structural 
damage in one cell does not result in immediate global failure. 
The remaining intact cells surrounding the damage zone 
continue to redistribute the load, providing a stabilising effect. 
This mechanical shielding effect slows the fatigue damage 
accumulation process over multiple cycles, as also supported 

by earlier studies emphasising stress delocalisation in bio-
inspired lattices (Zhao et al., 2024; Meng et al., 2019).

The trabecular structure, shown in Figure 5b, also exhibited 
improved fatigue life compared to solid blocks, though to 
a slightly lesser extent than the honeycomb configuration. 
Trabecular architectures, inspired by cancellous bone, consist 
of irregularly connected struts that form an open porous 
network. These irregularities are not design flaws but rather 
beneficial features: they introduce geometrical asymmetry that 
disrupts uniform crack growth. When cracks propagate through 
a trabecular structure, the non-linear load paths and stochastic 
void distribution act to blunt crack tips and reduce the effective 
stress intensity factor (Shirzad et al., 2024; Alvankarian et 
al., 2022). Furthermore, the irregular connections between 
nodes create intermittent load interruptions, slowing crack 
coalescence and enabling more gradual energy dissipation 
during cyclic loading.

Research on trabecular and foam-like architectures 
has demonstrated their capability to withstand repetitive 
mechanical stresses by accommodating local deformations and 
redistributing loads in multiple directions (Zhang et al., 2024; 
Heidari-Rarani et al., 2019). In the present study, these effects 
are manifested as longer fatigue lives in trabecular specimens 
compared to traditional solid blocks. However, the randomness 
of strut orientation in trabecular structures may also result 
in non-uniform stiffness and localised weaknesses, which 
explains the marginally lower performance compared to the 
honeycomb configuration (Yang et al., 2022; Hussein et al., 2013).

By contrast, the cellular lattice design, although still superior 
to the solid block, demonstrated lower fatigue resistance than 
both honeycomb and trabecular forms. This is likely due 
to its less optimised strut orientation and uniform cubic cell 
arrangement, which may concentrate stresses along discrete 
axial directions and provide fewer opportunities for crack 
deflection or redistribution (Murakami et al., 2021; Abdelmoula 
et al., 2020). Prior studies have shown that fatigue performance 
in lattice structures is sensitive to geometric parameters 
such as strut diameter, unit cell symmetry, and connectivity, 
suggesting that further topological optimisation could improve 
its mechanical resilience under cyclic loading.

Figure 5: Schematic illustration showing how crack 
propagation is influenced by different bio-inspired geometries 

(a) Honeycomb structure; and (b) Trabecular structure
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In the honeycomb geometry, the hexagonal arrangement 
diverts and dissipates crack paths through distributed loading 
across multiple cell walls. In the trabecular architecture, the 
irregular interconnected porous network provides tortuous 
paths and structural redundancy, slowing crack advance and 
localising stress redistribution.

3.4.3  Limitations and Challenges
While the results of this study demonstrate clear improvements 
in fatigue performance through bio-inspired design, several 
limitations must be acknowledged to contextualise the findings 
and guide future work. First, the fatigue experiments were 
conducted under controlled laboratory conditions, with constant 
room temperature, fixed humidity, and no exposure to corrosive 
media. In contrast, real-world applications often involve 
multifactorial environmental stressors, including temperature 
fluctuations, humidity, oxidation, and corrosive environments, 
all of which can accelerate fatigue damage and alter crack 
propagation behaviour (Zhou et al., 2023; Huang et al., 2023; 
Abdelmoula et al., 2020). For instance, aluminium alloys such as 
AA7075 are highly susceptible to pitting corrosion, especially in 
marine or high-humidity conditions, which can significantly reduce 
their fatigue resistance (Liu et al., 2019). Similarly, Ti-6Al-4V has 
shown vulnerability to fretting fatigue, oxidation, and thermal 
degradation under elevated service temperatures (Li et al., 2023; 
Gode et al., 2020). Therefore, the improved fatigue life observed 
under ideal conditions may not directly translate to service 
performance unless environmental durability is also assessed.

Second, this study focused exclusively on two specific 
lightweight alloys—AA7075 and Ti-6Al-4V—chosen for their 
widespread use in aerospace, automotive, and biomedical 
applications. While these alloys are representative of high-
performance material systems, fatigue behaviour can vary 
considerably across other alloy families, such as magnesium, 
stainless steels, or high-entropy alloys (Zhao et al., 2024; 
Rashid et al., 2022). To generalise the conclusions of this 
research, future investigations should extend to a broader 
range of materials and include comparative studies across 
different alloy systems using similar geometries.

Third, although Selective Laser Melting (SLM) and Electron 
Beam Melting (EBM) enabled the fabrication of the bio-inspired 
structures with complex geometries, additive manufacturing 
(AM) techniques are known to introduce process-induced 
defects, such as micro-porosity, residual stresses, and surface 
roughness, which can negatively impact fatigue life (Zhang et 
al., 2021; Raza et al., 2023). While basic post-processing such 
as polishing was applied in this study, the influence of internal 
defects and surface condition variability remains a significant 
factor in fatigue performance. Optimisation of AM process 
parameters and implementation of post-processing techniques 
such as hot isostatic pressing (HIP), surface coating, or shot 
peening may further enhance fatigue behaviour and should be 
explored in future work (Gode et al., 2020; Chen et al., 2023).

Finally, this study investigated fatigue behaviour 
under uniaxial cyclic loading with a fixed stress ratio (R = 
0.1). However, components in real service environments 
frequently experience complex, multi-axial loading, as well as 
variable amplitude stress histories that involve overloading, 

underloading, or mean stress shifts (Murakami et al., 2021; 
Guo et al., 2021). Understanding how bio-inspired geometries 
respond under such conditions is crucial for transitioning from 
laboratory-scale validation to real-world implementation.

3.4.4  Future Work
Building upon the findings of this study, several key areas for 
future research are recommended. First, further investigation 
is needed to explore the performance of bio-inspired designs 
under more diverse environmental conditions, such as elevated 
temperatures, corrosive environments, and exposure to high 
levels of humidity (Wang & Jiang, 2022). This would provide 
critical insights into the long-term reliability of these designs in 
real-world applications, such as in aerospace, automotive, or 
marine environments, where materials are exposed to extreme 
and variable conditions (Moussa et al., 2021).

Additionally, future research should examine the fatigue 
performance of bio-inspired designs under different loading 
conditions, such as multi-axial loading or combined tensile and 
compressive stresses. Real-world applications often involve 
complex loading regimes, and understanding how bio-inspired 
designs respond to these forces will help optimise their use in 
practical applications (Murakami et al., 2021; Guo et al., 2021). 
Further research into the synergistic effects of bio-inspired 
geometries with surface treatments, coatings, or reinforcements 
would also provide valuable insights into improving fatigue 
resistance (Díaz et al., 2024; Nasr et al., 2021).

Finally, developing advanced computational models that 
simulate the fatigue behaviour of bio-inspired designs would 
complement experimental research. Finite element analysis 
(FEA) and other computational tools can predict stress 
distribution, crack initiation, and overall fatigue life under a 
variety of loading and environmental conditions, providing 
a powerful tool for optimising design geometries before 
fabrication (Zhao et al., 2024; Kim et al., 2022). These models 
could significantly reduce the time and cost associated with 
experimental testing while providing deeper insights into the 
mechanical behaviour of bio-inspired structures.

4.0	 CONCLUSION 
This study systematically investigated the influence of bio-
inspired structural geometries on the fatigue performance of 
lightweight metallic alloys, specifically AA7075 aluminium and 
Ti-6Al-4V titanium. The primary objective was to determine 
whether geometries such as honeycomb, trabecular, and 
cellular lattice structures—enabled by additive manufacturing—
could extend fatigue life by mitigating stress concentrations 
and improving load distribution under cyclic loading.

The experimental results confirmed that all three bio-
inspired designs significantly outperformed traditional solid 
block specimens in terms of fatigue life, across both alloy 
systems. The honeycomb structure demonstrated the highest 
fatigue resistance, with a fourfold increase in AA7075 and a 
more than threefold increase in Ti-6Al-4V, relative to their solid 
counterparts. Stress-life (S-N) curve analysis revealed flatter 
slopes for bio-inspired structures, indicating superior endurance 
at lower stress amplitudes. Weibull distribution analysis further 
demonstrated improved fatigue reliability and lower variability, 
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particularly in the honeycomb specimens, highlighting their 
potential for predictable long-term performance.

These outcomes directly support the study’s hypothesis 
and establish that geometric optimisation—rather than material 
substitution alone—can significantly improve fatigue behaviour 
in critical structural applications. The findings also reinforce the 
potential of additive manufacturing to fabricate highly optimised, 
complex internal structures that were previously unachievable 
through traditional manufacturing methods.

From an application standpoint, this study provides 
actionable insights for industries such as aerospace, 
automotive, and biomedical engineering, where fatigue-driven 
failures impose safety risks and economic costs. The integration 
of bio-inspired geometries in metallic components can lead 
to longer service life, reduced maintenance, and enhanced 
structural efficiency. By demonstrating the mechanical benefits 
of these designs in two widely used alloy systems, the work 
sets a foundation for future optimisation and adoption of bio-
inspired strategies in fatigue-critical environments. Future 
research should expand on these findings by investigating the 
performance of bio-inspired designs under realistic environmental 
conditions, exploring multi-axial and variable amplitude loading, 
and conducting computational simulations to further optimise 
geometric parameters for fatigue resistance. 
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