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ABSTRACT: Fatigue failure continues to be a significant challenge in designing structural and mechanical components
subjected to repeated and complex loading. While earlier studies mainly examined material properties and how
stress affects lifespan, this review offers the first comprehensive, multiscale comparison of strategies that optimize
geometry to improve fatigue performance. This includes everything from microscopic features like the shape of
graphite nodules to large-scale design elements such as fillets, notches, and overall structural layouts. We analyze and
combine various methods, including topology and shape optimization, the ability of additive manufacturing to fine-
tune internal geometries, and reliability-based design approaches. A key new contribution is our proposal of a standard
way to evaluate geometry-focused fatigue design, allowing for consistent comparison and encouraging validation across
different fields. Furthermore, we highlight important areas for future research, such as incorporating manufacturing
flaws, using multiscale models, and integrating machine learning techniques. This work is the first to provide a broad
geometric viewpoint in fatigue engineering, laying the groundwork for future design methods that are driven by data
and centered on reliability.

KEYWORDS: Fatigue resistance; geometry optimization; topology optimization; microstructural geometry; additive
manufacturing; crack initiation; multiaxial fatigue; reliability-based design; raster orientation; notch effect; defect
morphology; fatigue life prediction

1 Introduction
A critical concern in engineering design is the persistent issue of fatigue failure in structural compo-

nents. This phenomenon frequently occurs in dynamic systems where parts endure fluctuating or rotating
loads. Historically, research has primarily focused on material properties and stress-life analysis, often
neglecting the subtle yet substantial influence of geometry on fatigue behavior. However, it has become
increasingly clear that geometry can no longer be considered a secondary factor. Rather, it must be recognized
as a key parameter capable of either intensifying or alleviating fatigue failure mechanisms. A systematic
classification of existing works reveals that geometric aspects, from the smallest microstructural inclusions
to large-scale design transitions, powerfully affect fatigue resistance by altering local stress concentration
and crack growth pathways. Even though these geometric triggers were thought to be detrimental by default,
contemporary studies demonstrate that geometry can be strategically optimized to enhance component
service life.

Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/CMES
https://www.techscience.com/
http://dx.doi.org/10.32604/cmes.2025.066644
https://www.techscience.com/doi/10.32604/cmes.2025.066644
mailto:ahmeth.ertas@btu.edu.tr


202 Comput Model Eng Sci. 2025;144(1)

The subsequent sections in this review synthesize findings from extensive investigations, with a
particular focus on the geometric dimensions of fatigue. This includes an assessment of specific features
such as graphite nodules, defects, and layering in additive manufacturing (AM). Special attention is
dedicated to design frameworks like topology and shape optimization, as well as to advanced techniques in
reliability-based and machine learning-driven methods.

Microstructural geometry (nodules, inclusions) concentrates stress, impacting fatigue failure [1]. Nod-
ule morphology affects crack deflection [2]. Topology optimization redistributes stress, extending fatigue life
[3]. Nodule size/spacing influence crack onset [4]. Graphite geometry shifts fatigue responses [5]. Thermal
distortion near discontinuities exacerbates crack formation [6]. Principal stress reorients cracks under
non-proportional loading [7]. Nodule geometry “pulls” cracks [8]. Geometric characteristics are central
to inspection/design [9]. Topology optimization emphasizes geometric control [10]. Geometric complexity
links to early crack detection [11]. Reshaping components reduces stress singularities [12]. Geometry reflects
microstructural inhomogeneities [13]. Surface geometry correlates with fatigue scatter [14]. Geometry-based
methods shape stress concentrations [15]. Matrix-phase geometry (austempering) affects fatigue resistance
[16]. Geometry and mechanical features influence fatigue limit [17]. Simulations remain sensitive to geometry
[18]. Crack paths follow geometric stress maxima [19]. Geometry is integral to fatigue-based topology
optimization [20].

Surface geometry (notches, roughness) amplifies stress, initiating fatigue cracks [21]. Angular nodules
initiate cracks [22]. Topology optimization lowers mass, raises fatigue life [23]. Geometric misalignments
affect fatigue [24]. Print-induced surfaces have severe geometric discontinuities, accelerating crack initiation
[25]. Local geometry outweighs material properties in strain energy concentration [26]. Interlayer voids
create crack sites [27]. Geometry alignment enhances fatigue life [28,29]. Geometry control minimizes
stress risers [30]. Smoother geometry improves fatigue life [31]. Raster angle refines internal geometry,
maximizing fatigue life [32]. Polygonal meshes adapt geometry to fatigue constraints [33]. Geometry evolves
with damage [34]. Fatigue crack propagation incorporated into design [35]. Internal bonding geometry
overshadows reinforcement [36]. Geometry and probabilistic elements reduce fatigue risk [37,38]. Minor
geometric changes reduce fatigue hotspots [39]. Internal voids/raster control early crack emergence [40].

Additive manufacturing (AM) (geometric freedom) can introduce geometry-driven weaknesses [41].
Circular pores outperform triangular [41]. Topology optimization refines implant geometry [42]. ±45○ grids
improve fatigue [43]. High infill density, flatter orientations extend fatigue life [44]. Nodule clustering
parallels voids/pores, accelerating fatigue crack nucleation [45]. Geometry-based features predict crack
onset [46]. Fillet, transition, and bored hole geometry define fatigue vulnerability [47]. Raster orientations,
heat treatment improve fatigue [48]. Cracks follow geometry-driven boundaries [49] and poor interlayer
adhesion [50]. Asymmetric loading complicates geometry-based fatigue [51]. Blade twist geometry alters
fatigue life [52]. Heat treatments reshape boundaries, affecting life [53,54]. Crack propagation follows internal
geometry [55]. Nodule clustering reduces fatigue life [56]. Vermicular graphite accelerates crack growth [57].
Printing orientation, internal void geometry, shape bending fatigue strength [58]. Penalized fatigue topology
optimization realigns material [59]. Support-induced geometric transitions are early crack initiation sites
[60].

Topology optimization (TO) transforms geometry for weight reduction, load path alteration, and
enhanced fatigue durability [61]. Shape refinement increases fatigue life [61]. Spatial geometry dominates
mean stress [62]. TO smooth stress flows [63]. Reliability-based topology is crucial for geometric design with
probabilistic fail-safety [64]. Infill geometry relates to early failures [65]. Geometric features aligned with
principal stress extend fatigue life [66]. Raster orientation, infill ratios affect fatigue crack behavior, notch
effects [67,68]. Local strain energy density ties notch root radius to crack onset [69]. Layering transitions
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are the primary crack path [70]. Local geometry modifies crack growth rates [71,72]. Geometry-induced
instability under out-of-phase loads [73]. Probabilistic methods account for geometric variability [74]. Defect
shape is critical for fatigue vulnerability [75]. Iterative TO reduces fatigue damage [76]. Large transitions
initiate crack formation [77]. Geometric alignment steers fatigue life [78]. Higher nodule count leads to
quicker crack coalescence [79]. Nodule geometry dictates fatigue response [80].

Geometry, manufacturing imperfections, and load variabilities necessitate reliability-
based/probabilistic models for fatigue failure [81]. Integrating fatigue, manufacturing uncertainty in
topology optimization ensures geometric robustness [81]. Nodule shape/randomness governs fracture
toughness, cyclic strength [82]. Embedding reliability targets shapes designs against stress extremes,
geometric variations [83]. Incorporating time-dependent degradation adapts the geometry at risk [84].
Defect distribution-focused design is more precise for AM fatigue [85]. Probabilistic capture of local
shape complexities needed for crack initiation [86]. Bolt hole geometry is a fatigue hotspot instigator
under reliability-based design [87]. Combining notch geometry, improper layer orientation lowers fatigue
thresholds [88]. Geometry-based discontinuities control failure onset [89]. Targeting geometry, avoiding
stress peaks [90]. Controlling maximum stress amplitude fosters smoother geometries [91]. Geometry,
orientation drive crack formation more than defect size [92]. Nodular misalignments probabilistically guide
crack trajectories [93]. Surface patterning, layer fusion key to fatigue endurance [94]. Random vibration,
local geometry transitions dictate fatigue damage [95]. Micromechanical void models relevant for cyclic
crack initiation [96]. Refining geometry optimizes suspension brackets [97]. Local defect shape stronger
effect than average area [98]. Integrating directional geometry alignment manages crack growth [99].
Surface discontinuities are potent even with finishing [100].

Geometric adaptation is crucial for biomedical/automotive design. Tuning geometric transitions is
critical [101]. Continuous-time modeling in topology optimization for lightweight designs with strict fatigue
requirements [101]. Under-optimized fillet geometry leads to crankshaft cracks [102]. Streamlined geometry
benefits damped structures [103]. Machine learning identifies microstructural geometry as a critical fatigue
feature [104]. Subtle phase geometry alters fatigue response [105]. Geometric design influences resonance
modes [106]. Geometry’s influence is magnified under mixed loading [107,108]. Local boundary shapes
affect fatigue resistance [109]. Geometric waviness lowers fatigue limits [110]. Geometry shapes crack
initiation under torsion [111]. Refining load arm geometry extends life [112]. Fatigue strength depends on
infill geometry, layer transition smoothness [113]. Raster layout shapes anisotropy, voids [114]. Geometry
of interfacial boundaries pivotal [115]. Geometry-driven hotspots correlate with cracks [116]. Geometric
forms alleviate fatigue accumulation [117]. Casting skin alters fatigue life [118]. Geometric scaling, inclusion
probability reduce long-life fatigue [119]. Layering directs crack growth [120].

Micromechanical simulations, AI, and multiscale modeling emphasize geometry’s role in fatigue
design [121–123]. Algorithms show geometry’s role in dampening stress [124]. Statistical methods show the
importance of spatial irregularities [125]. Strain energy density approaches incorporate notch tip geometry
[126]. Non-local fatigue life models link micro-defect geometry with macro loading [127,128]. Geometry-
based stress fields steer crack plane orientation [129]. Wall thickness, mold geometry influence fatigue
[130]. Computational optimization refines fatigue-constrained topology evolution [131,132]. Reliability-based
design extends to microscale geometry [133]. Augmented Lagrangian approaches control notch/corner
shapes [134]. Geometry smoothing postpones fatigue cracks [135]. Multiaxial fatigue criteria reflect principal
stress, geometric plane alignment [136]. Neglected geometry (pores, roughness) reduces fatigue life in AM
metals [137]. Precise blade shaping counters cyclic stress [138]. Internal pore shapes link to early failure [139].
Unfavorably oriented defects act as cracks [140].
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Geometric factors in origami fatigue life analyzed by AI (ANN) [141]. Predicting notch fatigue life
merges physics-based models with Machine Learning (ML) (geometric parameters) [142]. Geometric
assessment with AE via AI (CNN) estimates crack length [143]. ANN with damage parameters predicts
fretting fatigue crack initiation life [144]. AI predicts fatigue resistance in AM metals using geometric defects
[145,146]. Some AI focuses on hardness, defect size [147], others on surface roughness (geometric factor)
[148]. PINN integrates physical fatigue models, capturing geometry-related stress [149]. Geometric features
enhance fatigue life prediction using physics-guided ML [150]. ML frameworks could benefit from geometric
factors [151]. μCT defect characterization with ML improves fatigue life prediction using geometric features
[152].

Overview of the Study
In sum, the collective body of research strongly indicates that geometry—across multiple scales—

fundamentally dictates where and how fatigue failures arise. Rather than treating geometry as a static
boundary condition, modern design strategies recognize it as a powerful, designable factor. This recog-
nition has prompted widespread investigation into geometry-based optimization frameworks, advanced
simulation, and integrated reliability approaches.

Section 2 outlines direct geometric influences on fatigue resistance, capturing micro-level flaws, surface
notches, and layered anisotropy.

Section 3 discusses geometry-oriented optimization methods—topology, shape, and microstructure—
that systematically reduce fatigue vulnerabilities.

Section 4 highlights cross-domain aspects, including industrial implementations and references back
to additive manufacturing.

Section 5 identifies persisting research gaps and draws conclusions on how geometric insights pave the
way for next-generation, fatigue-resistant designs.

For each category, Table 1 outlines the principal impact of the specific geometry type on fatigue
resistance, identifies the key underlying mechanisms (such as localized stress concentration and optimized
load distribution), and cites representative references from the literature. Together, these classifications
provide a detailed overview of how geometry is intrinsically linked to fatigue behavior and offer a valuable
resource for researchers aiming to design more durable materials and structures.

Table 1: Fatigue resistance and geometry type relationship

Geometry type Impact on fatigue resistance Key
mechanisms/Observations

References

Microstructural
geometry

Critical in initiating fatigue due
to local stress concentration at
microfeatures; often controls

crack nucleation and early
propagation.

Non-spherical graphite nodules,
inclusions, and phase

boundaries generate localized
stress concentrations.

Micro-defect morphology alters
the crack path and deflection.

[1,2,8,16,17,19,
22,45,56,57,71,
72,86,93,104,

121,125]

(Continued)
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Table 1 (continued)

Geometry type Impact on fatigue resistance Key
mechanisms/Observations

References

Surface geometry
effects

Surface features greatly affect
fatigue life by serving as stress

raisers; poorly designed surface
transitions tend to reduce

fatigue endurance.

Notches, fillets, and surface
roughness intensify local

stresses. Sharp transitions or
discontinuities at surfaces lead

to early crack initiation.
Improved surface finish or
optimized curvature can

enhance fatigue life.

[6,13,21,25,29,
32,40,44,48,50,
58,65,70,110]

Internal/Infill
geometry in

additive
manufacturing

(AM)

The internal architecture of AM
parts (e.g., raster orientation,

interlayer bonding, infill
pattern) controls the

distribution of stresses and
defects; design choices here can

either mitigate or accelerate
fatigue failure.

Inherent voids and layer
interfaces can act as crack

initiation sites. Optimized raster
orientations and infill designs
improve load distribution and

interlayer adhesion.
Print-induced defects are key

fatigue limits.

[27,29,31,32,
40,44,48,50,58,
65,68,70,88,89,
94,104,113,114,

120,122]

Macro geometric
transitions and

optimized
geometry

Large-scale geometric design
significantly influences fatigue
resistance by managing stress

distribution over the entire
component; effective shape

optimization smooths
transitions and lowers peak

stresses.

Smooth transitions (e.g.,
gradual fillets, thick-to-thin

sections) reduce stress
concentration. Global topology
optimization can redistribute

loads away from critical regions.
Proper design can extend

service life.

[3,10,12,15,20,
28,33,34,59,76,
90,91,99,106,
112,131,132,135]

To point out critical criteria:

• Fatigue failure, common in dynamic systems under cyclic loading, has been historically studied, focusing
on material properties and stress-life methods, often neglecting geometric influence.

• Geometry exerts a profound influence over fatigue resistance, from microstructural inclusions to macro-
scale notches and shape transitions, by altering stress concentration and crack paths.

• Geometry should no longer be treated as a secondary factor but as a highly influential and designable
variable for fatigue life enhancement.

• Recent advances integrate topology optimization, additive manufacturing, and AI-driven methods to
optimize geometry for fatigue resistance.

• The shift from viewing geometry as a weakness to a proactive design variable marks a key evolution in
fatigue engineering.

• There remains a need for unified frameworks that link geometry effects across scales and incorporate
manufacturing realities and AI-based predictive methods.
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2 Micro to Macro Geometry
Fatigue resistance in engineering components arises from more than just material composition and

strength: geometry—in its many guises—shapes the local stresses that ultimately foster or forestall crack
initiation. Whether the focus is on micro-level features (e.g., inclusions, graphite nodules, or interphase
boundaries) or meso- and macro-scale design elements (e.g., fillets, notches, infill raster patterns in additive
manufacturing, or topological transitions), extensive research confirms that how and where cracks form
is heavily influenced by geometric considerations. This section explores these geometric impacts in detail,
providing examples from cast irons, polymers, and additive-manufactured parts.

2.1 Microstructural Geometry
The geometry of graphite nodules plays a foundational role in fatigue crack development within

spheroidal graphite cast iron. Rather than behaving as inert inclusions, these nodules act as stress amplifiers
whose shape and spatial configuration define micro-crack paths.

Micromechanical evaluation under cyclic loading conditions has revealed that cracks rarely propagate
uniformly; instead, they navigate through regions of angular graphite morphology, emphasizing the role of
nodule shape in directing fatigue paths [2]. This behavior is vividly illustrated in Fig. 1, where SEM imagery
captures the step-wise advancement of cracks through deformed graphite regions.

Figure 1: SEM micrograph showing fatigue crack path traversing through deformed and angular graphite nodules.
The image highlights the influence of non-spherical graphite on local stress intensification and deflection of fatigue
cracks [2]

Because graphite nodules can be large relative to microscopic plastic zones, the authors suggest classical
LEFM parameters ΔK and R alone are insufficient descriptors:

“For lower ΔK and R values, the material cannot be considered homogeneous; moreover, overload tests
reveal the presence of a ‘damaged zone’ rather than a simple ‘plastic zone’ at the crack tip”.

Therefore, fatigue crack growth rate ( d N
d a )must be described by a multiscale function:

(dN
da
) = F (Kmax, R, dn , fn , microstructure)

where f n is volume fraction of nodules, clearly relating microstructural geometry dn and distribution to
fatigue response, incorporating experimental inputs such as:

• Matrix-nodules interface debonding prevalence,
• Internal cracking,
• Compressive reversed plastic zone activation,
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• Overload-induced secondary cracks.

Instead of simply following the path of maximum principal stress, cracks in ductile cast iron often get
steered by internal features, acting almost like “crack guides.” Research has shown that graphite nodules can
attract cracks, encouraging them to grow along their clusters [8] (as illustrated in Fig. 2).

Figure 2: Fatigue crack profiles revealing step-wise propagation through nodule-dense zones. The crack trajectory is
observed to align with the spatial layout of graphite nodules, rather than following a uniform direction [8]

The shape and size of these graphite nodules are key players in determining how well a ductile cast iron
resists fatigue. Larger and more irregular nodules tend to concentrate stress in their vicinity, making these
areas more likely to be where cracks start under repeated loading. The thickness of the shell surrounding the
nodule is also important. Thicker shells can help spread the stress out more evenly, delaying the breakdown
or separation processes that speed up crack growth. On the flip side, thinner shells are more susceptible to
failure, creating tiny voids that act as easy pathways for cracks to spread.

Furthermore, how the nodules are distributed and whether they clump together affects fatigue life.
Regions with large clusters or unevenly sized nodules create localized stress “hotspots” that weaken the
material’s overall durability. Even variations within the nodules themselves, such as differences in the
mechanical properties of their core vs. their shell, can influence how damage occurs. These differences can
lead to phenomena like onion-like layering, debonding, or disaggregation, which make it easier for cracks
to grow when the microstructure contains large or poorly formed nodules.

The three-dimensional shape and arrangement of the nodules also play a role in the path a crack takes,
often causing it to deviate. This increases the roughness of the fracture surface, which in turn affects how the
crack closes during cyclic loading.

Overall, the microscopic geometry of graphite nodules is a crucial factor in how ductile cast iron behaves
under fatigue. Generally, larger, irregular, or thin-shelled nodules tend to reduce fatigue life, while a more
uniform distribution of smaller nodules enhances resistance by minimizing localized stress concentrations.

When nodules are packed closely together, it becomes more likely that tiny cracks will merge early
on. This concentration of crack paths was particularly noticeable in fatigue studies of thick-section cast
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iron, where fractures often started in areas with the smallest distances between nodules [4]. Fig. 3 clearly
demonstrates the link between reduced spacing between nodules and premature failure.

Figure 3: Fractographic analysis marking fracture origins in regions of clustered graphite nodules [4]

The impact of microstructural geometry on fatigue behavior is fundamentally tied to how stress
concentrates within the material. Features like the size, shape, and distribution of graphite nodules act as
localized stress concentrators within the metal matrix. Larger or irregularly shaped nodules, especially when
they are clustered closely, can be the starting points for micro-cracks because the stress is amplified at their
edges. This localized stress increase speeds up crack initiation and propagation under cyclic loading, thus
weakening the material’s resistance to fatigue. In contrast, a more uniform microstructure with smaller, well-
dispersed inclusions helps to distribute the applied stresses more evenly, minimizing stress concentrations
and improving fatigue resistance. Understanding this relationship between geometric features and stress
distribution is essential for predicting how long a material will last under fatigue conditions and for designing
microstructures that offer improved durability.

2.2 Surface Geometry: Notches, Fillets, and Fatigue Initiation
Geometric transitions at the surface level—particularly notches, fillets, and ridges—serve as high-risk

fatigue crack initiation zones. These features distort stress fields and introduce localized plasticity under
cyclic loading. Real-world fatigue failures in railway brake discs have been linked to thermal-mechanical
deformation that sharpens geometric features over time. Fig. 4 showcases how fatigue performance varies
with raster angle, clearly indicating that a 30○ orientation offers the best compromise between load path
continuity and geometric stability [32].

The fatigue life of a material under cyclic loading depends strongly on the local stress state within the
material. In FDM 3D prints, the anisotropic filament deposition creates directional mechanical properties
that vary with raster angle θ, the angle between the loading direction and the filament orientation.

If the applied bending stress amplitude is σa, the effective stress experienced along the filament direction
can be approximated using the transformation of stresses:

σθ = σa cos 2θ + τa sin θ cos θ

where τa is the shear stress component induced by bending, which also depends on θ. This means that
different raster angles lead to different effective normal and shear stresses along filaments.

Fatigue life Nf is commonly expressed by Basquin’s law for high-cycle fatigue:

σa = σ
′

f (2N f )
b

where σ
′

f is the fatigue strength coefficient, and b is the fatigue strength exponent. These parameters depend
on the microstructural features, including filament orientation.
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Figure 4: S-N curves for different raster angles, (A) 0○, (B) 30○, (C) 45○, (D) 60○, (E) 90○ in 3D-printed PLA. The figure
demonstrates how raster-induced surface geometry modifies fatigue endurance, with a 30○ raster performing best [32]

The article reports that the slope of the Stress–Number of Cycles (S-N) curves (related to b) decreases
with increasing printing speed, reflecting more rapid fatigue degradation at higher speeds. Similarly, raster
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angle was shown to affect fatigue strength by altering internal stress distribution and defect orientation, which
modulates σ

′

f (θ) and b(θ).
Given that raster angle θ affects the effective stresses σθ , the corresponding fatigue parameters

can be expressed as functions of θ, i.e., σ
′

f (θ) and b(θ), reflecting how geometry impacts the material
fatigue response.

The boundaries between printed filaments and layers can be treated as interfaces with distinct mechan-
ical properties and imperfect bonding. The fracture mechanics parameter, e.g., stress intensity factor K, may
be influenced by the raster geometry:

KI = Yσθ
√

πa

where a is the crack size initiated at weak interfacial sites, and Y is a geometric factor depending on crack
orientation and shape.

Higher raster angles (e.g., 90○) tend to have weaker interlayers bonding perpendicular to the loading
direction, increasing the stress intensity factor and promoting earlier crack growth, thus reducing fatigue life.

Printing speed affects the degree of filament bonding and microvoid formation, changing the effective
cross-sectional area Aeff and the local stress concentration factor Kt:

σl ocal = Kt
F

Ae f f

Higher printing speeds generally reduce molecular diffusion at interfaces, increasing porosity and
defects, thereby raising Kt and accelerating fatigue damage accumulation.

Microscopic surface imperfections, even when barely visible, act as fatigue initiators when located at
critical curvature zones. In Fig. 5, it shows casting defect and its relation with fatigue strength via defect size
[110] (Fig. 5). Based on the formulation-focused evaluation of the manuscript’s content, the study primarily
employs the

√
area parameter model as the foundational quantitative tool for fatigue strength assessment

of ductile cast iron (DI) with casting surfaces. This model quantifies the influence of defects and surface
roughness through an “effective defect size” parameter (

√
areaeff), integrating geometrical defect size and

surface irregularities into a unified metric impacting fatigue limits.
The fatigue limit (σw) is linked to the defect size by correlating the stress intensity factor threshold (ΔKth)

with
√

area. Empirical relationships derived from fracture mechanics principles govern these correlations,
for example:

ΔKth = C × (
√

area)α

where C and α are material-dependent constants calibrated from fatigue tests incorporating various defect
sizes and microstructural conditions. This relation captures the critical crack size below which cracks
remain non-propagating up to 107 cycles, establishing the fatigue endurance limit concerning casting surface
defects [T1].

Moreover, the study refines the assessment by defining an equivalent hardness value that accounts
for transitional microstructure layers near casting surfaces, influencing local mechanical properties central
to fatigue resistance. This hardness is combined with the effective defect size in fatigue life predictions,
effectively representing microstructure-property interactions without directly modeling microstructural
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mechanics:

σ
′

w = f (HVequiv ,
√

areae f f )

where σ
′

w is the adjusted fatigue limit based on equivalent hardness (HVequiv) and effective defect size.
This empirical formulation allows practical fatigue strength estimation considering geometrical (defect and
roughness) and microstructural factors.

Figure 5: Casting defects and its size to evaluate fatigue strength [110]

Statistically, the manuscript utilizes extreme value distribution approaches to estimate the maximum
defect size (

√
areaD,max) within specimens, which is then used to predict the lower bound of fatigue strength

scatter, thus incorporating variability in defect population into the fatigue limit formulation.
In summary, the manuscript’s formulation-centric methodology couples fracture mechanics-based

defect size parameters with equivalent hardness representations and statistical modeling to quantitatively
predict fatigue limits in ductile cast iron. Although the fundamental mechanics underlying the influence
of geometry on fatigue are implicitly incorporated via the

√
area parameter model, an explicit mechanistic

formulation linking microstructural-scale geometries to fatigue crack initiation and propagation could
further enhance the theoretical rigor of the study.

2.3 Raster Orientation and Infill Geometry in Additive Manufacturing
In fused deposition modeling (FDM), the internal structure is more than an artifact of manufacturing—

it is a deliberate geometric configuration that governs mechanical behavior under fatigue. Raster angles, layer
orientation, and infill architecture define the paths along which stress is transmitted and redistributed.

The influence of raster angle on stress flow is further supported by fatigue testing with different
infill orientations. Data from Stress–Number of Cycles (S-N) curve analyses confirm that optimized raster
configurations (such as 0○/30○/45○) substantially improve fatigue life by reducing geometric discontinuities
in load-bearing zones [29] (see Fig. 6).

Build orientation affects the fatigue behavior, with upright orientations exhibiting reduced resistance
compared to flat and on-edge configurations.
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Figure 6: S-N curves for PLA specimens printed at different raster angles [29]

Post-processing can further enhance interlayer adhesion and geometry-induced stress mitigation.
Thermal treatment following a 0○/45○/−45○ raster build has been shown to reduce crack propagation, as
demonstrated by fracture pattern visualizations in Fig. 7 [48].

Figure 7: Crack path visualizations across different raster configurations [48]

The study presents empirical and statistical formulations that relate the geometric parameter, namely
the raster direction angle (RDA), to hardness, fatigue life, and crack propagation in 3D-printed PLA parts.
While it does not propose a fundamental mechanical theory, it provides several mathematical models based
on experimental data, as follows:

Hardness (HSD) is modeled as a quadratic function of RDA and heat treatment temperature (HT),
expressed by the surface regression equation:

HSD = 29.68 + 0.92 ⋅ RDA+ 2.37 × 10−2 ⋅HT − 7.12 × 10−3 ⋅ RDA2 + 6.4 × 10−5 ⋅HT2 + 2.72
× 10−4 ⋅ (RDA×HT)

This model achieves an R-squared of 0.97, indicating a strong fit.
The fatigue life NFL (number of cycles to failure) is linearly related to RDA:

NFL = 11236.43 + 101.28 ⋅ RDA
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Despite the stochastic nature of fatigue, this model explains approximately 60% of the fatigue life
variation, as indicated by an R-squared of ~0.608.

The crack length aRDA,N as a function of RDA and fatigue cycles N is modeled by a nonlinear ratio of
polynomials:

aRDA,N =
P1 (RDA, N)
P2 (RDA, N)

Although exact forms of P1 and P2 polynomials are not provided here, this model represents crack
growth dynamics under cyclic loading at constant stress amplitude.

Alternatively, a quadratic polynomial model describing crack length as a function of RDA and N is given
by:

aRDA,N = 0.68 ⋅ RDA− 3.6 × 10−4 ⋅ N + 8.5 × 10−5 ⋅ RDA2 + 9.4 × 10−8 ⋅ N2 + 2.0 × 10−6 ⋅ (RDA× N)

The crack growth rate dN/da shows a change in slope at crack lengths about 0.30 mm, indicating
different fatigue mechanisms for RDAs greater than 40○. This behavior is in accordance with fracture
mechanisms such as intra-layer and inter-layer cracking influenced by the printing pattern and presence of
porosity/microvoids.

Directional mismatch between notches and raster lines has been confirmed as a critical factor in early
fatigue failure. When notch tips intersect print paths at unfavorable angles, cracks initiate prematurely at
stress-amplified transition zones [88]. The fatigue resistance of 3D-printed PLA is significantly influenced by
the geometry of the component, particularly the presence and sharpness of notches. The study shows that:

• Notches decrease fatigue strength, with sharper notches (higher notch sharpness) leading to greater
reductions in fatigue resistance.

• The size and shape of the notch, along with its sharpness, are critical in determining the local stress
concentration, which governs crack initiation and propagation.

• Broader or blunt notches tend to have a less severe effect on fatigue life compared to sharp notches.
• The fatigue cracking behavior is governed mainly by the local stress amplification around the notch tip,

which follows the material’s response to maximum stress cycles.

The application of the Theory of Critical Distances (TCD) allows for the reliable prediction of fatigue life,
considering these geometric effects, enabling more accurate design against fatigue failure in geometrically
complex or notched 3D-printed PLA parts.

The fracture surfaces in Fig. 8 depict how print orientation governs fatigue failure progression. Here,
raster-aligned cracks follow interlayer boundaries, confirming that internal geometric layout, not bulk
strength, is the primary fatigue limiter [120].

2.4 Defect Geometry and Void Morphology
Defects in both cast and additively manufactured components often possess non-trivial geometry—

elongated voids, jagged edges, and irregular surfaces—that dominate fatigue crack nucleation under
cyclic loading.

High-resolution imaging has revealed that in FDM parts, internal voids often align with the direction
of print, forming weak zones along raster boundaries. Fracture surface analysis confirms that cracks initiate
at these locations, especially in vertically printed samples (see Fig. 9) [58].
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Figure 8: Fatigue fracture surfaces under varying print orientations [120]

Figure 9: Fracture surfaces of PLA specimens showing void-induced crack initiation in vertically printed layers [58]

Fatigue life Nf under cyclic loading can be related to stress amplitude σa by Basquin’s equation:

N f =
⎛
⎝

σ
′

f

σa

⎞
⎠

b

where σ
′

f is the fatigue strength coefficient, and b is the fatigue strength exponent.

In additive manufacturing (AM) polymers fabricated by FDM, the effective stress amplitude σ e f f
a

experienced within the material depends on the intrinsic geometry induced by printing, notably:

• Layer orientation and thickness (t),
• Filament alignment,
• Inter-layer porosity and defects,
• Surface roughness (Ra).

These geometrical factors influence local stress concentration sites, which can be modeled by a stress
concentration factor Kt:

σ e f f
a = Kt σa
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here, Kt is a function of geometric discontinuities such as layer interfaces and voids formed during the
printing process:

Kt = f (θ , t, Ra , Vd)

where:

• θ is the print direction angle relative to the loading axis,
• t is the layer thickness,
• Ra is the surface roughness,
• Vd is the volumetric density or void fraction.

Considering these effects, the fatigue life expression modifies as:

N f =
⎛
⎝

σ
′

f

Kt σa

⎞
⎠

b

This formulation indicates that geometrical characteristics intrinsic to the AM process effectively
amplify the applied stress amplitude through stress concentrations, reducing the fatigue life. For example,
vertically printed samples exhibit more orthogonal interfaces to bending stresses, increasing Kt, thereby
lowering Nf compared to horizontally printed samples. Additionally, the transition between crack initiation
and propagation phases is influenced by the microscale geometry, where factors such as filament bonding
and layer adhesion determine the crack path and resistance, often modeled in fracture mechanics by stress
intensity factors KI related to crack size and geometry. In summary, geometry influences fatigue behavior
by modifying local stress states in AM polymers, which can be quantitatively incorporated into fatigue life
models through stress concentration factors dependent on print parameters and specimen geometry.

Modeling work on casting defects has reinforced that defect sharpness and alignment with stress axes
are more detrimental than size alone. Elliptical and crescent-shaped voids have been shown to reduce
life expectancy far more than smooth, spherical ones [98]. The fatigue resistance of a material is strongly
influenced by the geometry of surface defects. Smaller defects tend to generate lower stress concentration
factors, reducing the local stress intensity at the defect tip and thereby delaying crack initiation and growth.
Conversely, larger defects increase the stress concentration, making the material more susceptible to fatigue
failure. Additionally, the shape of the defect plays a crucial role; defects with sharp or elongated shapes
produce higher stress concentration factors, which accelerate crack propagation and diminish fatigue life.
Therefore, controlling defect size and shape—favoring smaller, more rounded imperfections—helps enhance
the material’s resistance to fatigue failure.

2.5 Geometric Transitions in Structural Components
Abrupt transitions in geometry—such as from thick to thin sections, or sharp fillet radii—are universally

recognized as fatigue-critical zones. These discontinuities elevate local stress amplitudes and serve as crack
initiation hotspots. Detailed fracture surface analysis in compact tension specimens has shown that fatigue
cracks frequently initiate at zones where microstructural and geometric transitions intersect, such as at the
border between nodule-rich and nodule-sparse areas [2]. In low-cycle fatigue environments, even subtle
geometric changes can dominate crack behavior. Experimental testing has shown that parts with sharper
shoulder transitions exhibit concentrated plasticity and shorter fatigue lives [5]. To mitigate such effects,
topology optimization techniques have been employed to smooth out abrupt changes and maintain uniform
stress distribution. One such approach penalized geometric sharpness under random vibration loading,
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effectively smoothing corners and reducing stress singularities [12]. Micromechanical modeling has revealed
that stress redistribution favors crack redirection toward internal notches—geometric features that arise
naturally from phase misalignment or solidification-induced inclusions [19].

2.6 Geometry under Multiaxial and Non-Proportional Loading
When cyclic loads vary in direction or phase, the geometry of structural features becomes even more

critical. Fatigue response under such conditions is no longer governed solely by material strength or nominal
stress but by the spatial orientation of geometric entities relative to evolving stress axes.

Crack paths under non-proportional loading do not follow traditional maximum principal stress lines.
As phase angles increase, the directional dependence of fatigue cracks diminishes, leading to more complex
propagation behavior—a phenomenon rooted in geometry–load misalignment [7] (see Fig. 10). The fatigue
phase shift angle (δ) critically influences crack growth and fatigue life in nodular cast iron under multiaxial
cyclic loading. When δ approaches 0○, the load acts more like uniaxial loading with lower stress amplitudes
and longer fatigue life. As δ nears 90○, the principal stress amplitude increases significantly, leading to higher
crack growth rates—up to eight times greater than at small phase shifts—and consequently shorter fatigue
lives. The analytical and microscopic analyses reveal that maximum principal stresses are higher for δ < 90○,
promoting Mode I crack propagation and accelerating fatigue failure. Conversely, at phase shifts approaching
180○, the stress state varies, leading to more complex crack propagation modes with no strong preferential
directions, as principal stress directions rotate continuously. Overall, the phase shift angle governs the stress
amplitudes and crack modes, dictating the fatigue behavior where non-symmetrical effects around δ = 90○
are observed, with fatigue life decreasing markedly as the phase shift approaches 90○.

Figure 10: Evolution of fatigue crack direction under different phase shift angles [7]

Chiocca et al. [129] investigate the fatigue resistance of ductile cast iron components with complex
geometries, such as notches, under multiaxial and non-proportional loading conditions. It highlights that
geometric irregularities like notches and casting defects (e.g., pores) significantly influence fatigue life
by creating localized stress concentrations. The Effective Critical Plane (ECP) approach, which accounts
for stress and strain averaging within a defined control volume around critical locations, enhances the
accuracy of fatigue life predictions for these geometries. By integrating this method with multiaxial and non-
proportional loading scenarios, the research demonstrates improved assessment of how complex geometrical
features affect fatigue resistance, enabling more reliable design and lifetime estimation of large, irregularly
shaped ductile cast iron components subjected to real-world loading complexities.

The Effective Critical Plane (ECP) approach revolves around integrating stress and strain averaging
within a defined control volume to better capture localized damage mechanisms in complex geometries
under multiaxial loading. Specifically, the ECP method combines the critical plane hypothesis—identifying
the plane within the material where damage most likely initiates—with volumetric averaging of the stress and
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strain tensors over a small, material-specific process volume characterized by a control radius. This averaging
process, based on concepts introduced by Neuber, mitigates issues caused by stress singularities and high
gradient effects near geometric features like notches or pores. It evaluates the local stress and strain fields
within this process volume, effectively smoothing out peaks and capturing the actual damaging stress state
more accurately. Subsequently, the method computes a critical plane factor, such as Smith-Watson-Topper
or Fatemi-Socie, based on these averaged tensors, rather than point-wise values, leading to more realistic
fatigue damage predictions. Calibration of the control radius (rc)—specific to the material—is performed
using experimental fatigue data, enabling the method to be adapted to various geometries without extensive
additional testing. During life prediction, the method iteratively searches for the critical plane and local stress
states, considering geometrical and loading complexities, resulting in a robust, computationally efficient
approach that inherently accounts for local stress concentrations and defect effects.

Insights on fatigue resistance from micro to macroscale geometry:

• Geometry controls fatigue crack initiation and propagation across multiple scales—from microscale
features like graphite nodules to macroscale fillets and holes.

• At the microscale, the shape, spacing, and orientation of microstructural inclusions and nodules create
localized strain concentrations that serve as fatigue nucleation sites.

• Mesoscale features, including surface notches, curvature transitions, and layer interfaces (especially in
additive manufacturing like FDM), act as stress concentrators that dominate fatigue life independently
of bulk material strength.

• On the macroscale, geometric transitions such as fillets or varying thicknesses, though unavoidable, can
be controlled through deliberate smoothing and stress redistribution to delay crack onset.

• These findings emphasize that geometry is a primary driver of fatigue behavior, necessitating design
interventions at every scale.

3 Optimization Approaches
Geometry optimization has matured into a powerful approach for enhancing fatigue resistance, not

merely through shape refinement, but by fundamentally redesigning stress paths, removing failure-prone
material, and embedding crack-deflecting microstructures. Across a spectrum of methodologies—from
topology optimization to reliability-informed models—geometry is being re-engineered as the primary
driver of durability under cyclic loads.

3.1 Topology Optimization with Fatigue Constraints
Topology optimization (TO) has expanded far beyond stiffness and compliance; it is now fully integrated

with fatigue-based performance metrics. By embedding fatigue damage or life constraints directly into the
objective function, TO has become a cornerstone of proactive durability design.

Graded lattice optimization has shown promise in aligning material density with stress exposure
[10]. Functionally graded topologies, refined through penalization techniques targeting fatigue-specific
metrics, have been shown to effectively redirect loads and delay fatigue failure. Among various penalization
methods—stress, SN-intercept, yield—stress penalization emerged as the most damage-efficient, leading to
the optimized lattice shown in Fig. 11.

Let the design domain be discretized into finite elements, each characterized by a design variable ρe
representing the relative density or material volume fraction, encoding geometric features such as porosity
or lattice topology.
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Figure 11: Optimized lattice-based structure with minimized fatigue damage using stress penalization, (A) SIMP +
qp Stress, (B) SIMP + lattice stress, (C) SIMP + Yield Penalization, (D) SIMP + SN Penalization, (E) Lattice + qp
Stress, (F) Lattice + lattice stress, (G) Lattice + qp Stress (2.5) + Lattice Stress, (H) Lattice + Yield, (I) Lattice + SN
Penalization [10]

The projected element density ρ̃e is obtained as a weighted average over neighboring element densities
to introduce geometric smoothness and control feature size:
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ρ̃e =
∑ i ∈ Ne ωe i ρi

∑ i ∈ Ne ωe i

where ωe i is a convolution weight depending on the distance between element centers, and Ne denotes the
neighborhood of element e.

The mechanical properties—stiffness E(ρ̃e), yield strength σy(ρ̃e), and fatigue SN-curve parameters—
are homogenized and depend on the local geometry via ρ̃e , capturing the geometry–material interplay.
Fatigue damage accumulation at element e over time is modeled by a cumulative damage variable He, which
depends on local stress amplitudes σa,e influenced by geometry-dependent stiffness and stress distribution,
as well as on local material fatigue parameters:

He = k
n
∑
i=1

i (σa , i (ρ̃e) .ν (ρ̃e)
σSN (ρ̃e)

)
b

νSN , i (ρ̃e)

where k and b are material constants, ϑ is a geometry-dependent correction factor for stress response, and
σSN encapsulates SN-curve characteristics also influenced by ρ̃e . Thus, by controlling ρe through topology
optimization, the geometry is adjusted to influence local stress states and fatigue damage accumulation,
establishing a fundamental connection between geometric design variables and fatigue life.

Geometry penalization via cumulative fatigue damage filters can focus optimization efforts on crack-
prone regions. p-norm aggregation methods help filter critical zones while modifying local geometry to
redistribute loads, as seen in the comparative geometries shown in Fig. 12 [59].

Figure 12: Geometry comparison between traditional and penalized fatigue-driven optimization [59]
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The core theoretical concept relies on modeling the cumulative fatigue damage at the elemental level
within a discretized design domain. Each finite element e undergoes cyclic stresses σe(t) due to applied
time-varying loads. The fatigue damage D̃e is computed through a combination of local stress responses
and fatigue damage accumulation laws (e.g., Miner’s rule), accounting for mean stress effects via Goodman
correction if needed.

Formally, the cumulative fatigue damage D̃e of element e can be represented as:

D̃e = ∑ hDh
e = ∑ h nh

N f (σ h
e , σm)

where:

• nh is the number of cycles in load cycle h,
• N f (σ h

e , σm) is the fatigue life estimate for element e under cycle h with stress amplitude σeh and mean
stress σm,

• Fatigue life Nf is typically related to the S-N curve adjusted by mean stress correction.

The topology optimization problem imposes constraints on these elemental fatigue damages to keep
their maxima below a permissible threshold. Because local constraints are numerous, a p-norm aggregation
function is employed to combine these into a single, differentiable constraint for computational tractability:

g = (
Ne

∑
e=1

D̃p
e) ≤ Dal l ow

here, the cumulative fatigue damage D̃e depends implicitly on the geometry through the design variables ρ̃e ,
which affect local stiffness and stress distribution via the SIMP interpolation scheme.

Therefore, geometry influences fatigue behavior through:

1. Local stress modulation: Elemental material distribution ρ̃e modifies stiffness and thus local stress
fields σe.

2. Fatigue damage coupling: The local stress amplitude σeh and mean stress σm govern the element-wise
fatigue damage.

3. Penalization and aggregation: Integrating fatigue damage into the optimization objective/constraints
guides material to be allocated in geometrically favorable positions to minimize or uniformly distribute
fatigue damage.

In conclusion, the paper’s theoretical framework links geometry to fatigue by embedding fatigue damage
accumulation into the element-wise constraints of the topology optimization problem. This coupling is
mediated by finite element stress analysis and penalization schemes, enabling geometry to adapt to fatigue
requirements indirectly via local stress states.

3.2 Shape and Parametric Optimization for Fatigue Improvement
Shape optimization targets the refinement of structural boundaries—smooth transitions, curvature, and

hole radii—to reduce peak stress concentrations. It is particularly effective where topology is fixed or when
precise surface control is necessary, such as in machined or cast components.

Parametric studies of connecting rod geometry have demonstrated that even minor adjustments—such
as increased web thickness or pin-hole edge radius—can yield substantial fatigue life improvements. Such
refinements redistribute stress and eliminate crack initiation sites at geometric transitions [61].



Comput Model Eng Sci. 2025;144(1) 221

Optimization of bearing housings has followed similar principles. Instead of bulk reinforcement,
material was redistributed along curved load paths, reducing stiffness gradients that typically cause stress
intensification under cyclic bending [63].

In vibration-sensitive designs, fatigue performance has been enhanced by suppressing resonant fre-
quencies through strategic geometric modifications. These include changing wall curvature and thickening
localized transition areas to minimize modal amplification [106].

Reshaping structural transitions in hooks and cranes has proven particularly effective in lowering stress
concentrations. A case study on lifting hooks demonstrated that enlarging the curvature at load entry and
smoothing the junction between arm and hook body preserved its fatigue life with a certain reduction of
mass (see Fig. 13) [112].

Figure 13: Fatigue life distribution before and after shape optimization of lifting hook [112]

The same principles have been applied to suspension systems. In MacPherson arms, fatigue resistance
was notably improved by blending weld zones and controlling the rate of change in section geometry across
load paths [135].

3.3 Fatigue-Oriented Microstructure and Lattice Geometry Optimization
The optimization of internal geometry—particularly in additively manufactured or lattice-based

structures—has opened a new frontier in fatigue design. Here, microstructure is no longer treated as fixed,
but as a tunable geometry with direct impact on crack paths.

Pedranz et al. [128] applied the strain energy density method to large cast iron components, linking
multiaxial fatigue life to internal microstructural configurations. Their results showed that adjusting casting
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parameters to promote more uniform nodule distribution resulted in significant fatigue life gains, as shown
in Fig. 14, which correlates fatigue damage evolution with nodule spacing geometry.

Figure 14: Damage evolution plots over nodular distributions [128]

The fatigue behavior of ductile cast iron (DCI) components is intrinsically linked to the interplay
between microstructural features and geometric stress concentrators, which collectively define the highly
stressed volume (HSV) where fatigue damage initiates. The fundamental mechanics governing this rela-
tionship are captured via a volumetric strain energy density (SED) approach, as expressed by the following
formulation:

kϕ (W1,eq +W3,eq) = (1 − f )W∗

1 + f W∗

3

where W1,eq and W3,eq are the equivalent strain energy densities associated with axial and torsional loadings,
respectively, W∗

1 and W∗

3 are critical strain energy densities characteristic of the material microstructure,
f is a material-dependent weighting factor, and kϕ accounts for loading phase effects. Geometry influences
fatigue behavior by governing the size and distribution of the HSV, which determines the volume over which
the strain energy is averaged. Notches and other geometric discontinuities amplify local stresses, increasing
the volumetric SED within their associated control volumes of radius R (e.g., R1 for mode I and R3 for mode
III loadings). These radii represent material-dependent characteristic lengths encompassing microstructural
heterogeneities such as graphite nodules and shrinkage pores. The heterogeneous distribution of critical
defects implies that for larger HSVs, typical of unnotched or plain specimens, the probability of containing a
harmful shrinkage pore increases, leading to fatigue initiation at such defects. Conversely, in specimens with
stress concentrators (e.g., notches), the smaller HSV reduces the likelihood of pore-dominated initiation;
instead, fatigue cracks initiate at more frequently occurring microstructural features like graphite nodules
near the notch tip. This probabilistic effect of geometry on defect interaction is fundamental to understanding
fatigue design in DCI.

Therefore, by integrating volumetric SED over geometry-dependent control volumes that reflect the
microstructure-defect scale, the proposed criterion unites geometric effects and material microstructural
response within a scalar energy-based fatigue parameter. This formulation inherently incorporates stress
gradient effects and links macroscopic geometry to microscopic fatigue initiation mechanisms, providing a
unified theoretical framework to predict fatigue performance across different geometries and loading scales.
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3.4 Fatigue Optimization under Uncertainty and Reliability Constraints
Fatigue performance in service conditions is governed not only by deterministic stress fields but also

by stochastic variability in loads, defects, and material properties. Geometry optimization under these
uncertainties has become a focal point in reliability-based design.

Probabilistic models now integrate geometric tolerances—such as variable fillet radii or casting shrink-
age zones—into fatigue predictions. One such model for military vehicle components accounted for weld
variability and thickness tolerance, resulting in more robust structural layouts [38].

Topology optimization under probabilistic fatigue constraints uses sampling-based methods like Monte
Carlo to identify and reinforce statistically vulnerable geometric zones. These designs exhibit higher
resilience under service variability and manufacturing imperfections [39].

Hybrid reliability frameworks combine deterministic geometry with probabilistic life estimation. By
embedding Weibull-distributed life constraints and assigning geometric design variables, engineers can tune
curvature, notch depth, and alignment for optimal robustness [66].

Time-dependent degradation models now use geometry-aware functions to track life consumption
across inspection intervals. These models account for weld toe transitions and geometrical stress concentra-
tors, helping extend the predicted service life through shape redesign [84].

Probabilistic life predictions based on casting defect shape and alignment outperform average-based
models. Angular defects exhibit markedly lower fatigue endurance under both tension and torsion,
emphasizing the importance of geometric fidelity in uncertainty modeling [98].

Localized optimization techniques like augmented Lagrangian enforcement allow detailed refinement
of notch zones while maintaining global design constraints. These methods help apply local fatigue
improvements in high-risk regions without compromising the larger structural integrity [134].

Recent studies highlight the critical role of geometric factors in fatigue lifespan across various applica-
tions, from origami-inspired designs to additively manufactured (AM) metals and notched aerospace alloys
[141,142,145,146]. For origami structures, radius and thickness are key, with length ratios modulating height’s
impact [141]. In notched components, the notch root radius is a significant geometric determinant of fatigue
resistance [142]. Geometric defects like pores and surface roughness are crucial in AM metals, complicating
traditional fatigue modeling [145,146]. Even machining-induced surface roughness significantly affects
aluminum alloy fatigue life [148].

Artificial Intelligence (AI), particularly Artificial Neural Networks (ANN) and other Machine Learning
(ML) techniques, offers precise and efficient alternatives to traditional fatigue analysis by effectively incor-
porating these complex geometric features [141,145]. AI models trained on Finite Element Method (FEM)
data achieve high prediction accuracy in origami fatigue [141]. Physics-informed ML (PIML) frameworks,
integrating physical understanding with ML models like SVR, Random Forest, and XGBoost, enhance fatigue
life prediction in notched materials by considering key geometric parameters [142].

The integration of geometric assessment with acoustic emission (AE) signal analysis using AI enables
accurate fatigue crack length estimation [143]. Similarly, ANN models combined with damage parameters
can predict fretting fatigue crack initiation life by accurately estimating critical geometric distances [144].
In AM metals, ML models correlate defect characteristics and process parameters with fatigue life, out-
performing classical models [145,146]. Incorporating detailed geometric features of critical defects in AM
materials further enhances prediction accuracy in physics-guided ML frameworks [150]. Micro-computed
tomography (μCT) combined with optimized ML models also improves fatigue life prediction in AM alloys
by using key geometric defect features [152].
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While some AI-based methods focus on material properties and intrinsic defect size [147] or machining
parameters influencing surface roughness [148], the trend emphasizes the increasing importance of integrat-
ing explicit geometric parameters into AI frameworks for more accurate and reliable fatigue life predictions
across diverse materials and structural configurations [142–144,150,152]. Physics-informed neural networks
(PINNs) also show promise by embedding physical fatigue models, implicitly capturing geometry-related
stress influences [149]. Knowledge-based ML frameworks, while effective, could further benefit from the
explicit inclusion of geometric characteristics [151]. Overall, the synergy of AI and geometric analysis marks
a significant advancement in fatigue assessment, facilitating optimized designs and improved structural
health monitoring. Table 2 classifies and summarizes recent advances in fatigue performance modeling,
emphasizing the integration of geometric factors and AI techniques, as referenced throughout the text.

Table 2: Classification of geometry-aware and AI-enhanced fatigue modeling approaches

Category Focus Key insights References
Geometry and

probabilistic fatigue
modeling

Geometry variability,
probabilistic modeling

Geometric tolerances (fillet
radii, casting shrinkage) are

included in probabilistic fatigue
models; enhance robustness in

military applications

[38,39,66,84,
98,134]

Topology optimization
under uncertainty

Monte Carlo, vulnerable
zones

Topology optimization uses
sampling methods to reinforce

weak zones under fatigue
uncertainties

[39]

Hybrid reliability
approaches

Deterministic +
probabilistic design

Embeds Weibull-distributed life
constraints and geometric

design variables like curvature
and notch depth

[66]

Time-dependent
degradation models

Life consumption,
inspection intervals

Geometry-aware models track
degradation over time,

accounting for features like weld
toe transitions

[84]

Casting defect
modeling

Shape, orientation
effects

Angular casting defects reduce
fatigue strength more than

average-based models predict

[98]

Localized geometric
optimization

Notch refinement Augmented Lagrangian
methods improve local
high-risk zones without

affecting global performance

[134]

Geometric sensitivity
across applications

Origami, AM metals,
notched alloys

Radius, thickness, and defect
geometry critically affect fatigue

life in varied applications

[141,142,145,
146,148]

AI/ML in fatigue
prediction

Neural Networks, ML
algorithms

AI models trained on FEM data,
integrating geometric features,

achieve high accuracy

[141–146,
150,152]

(Continued)



Comput Model Eng Sci. 2025;144(1) 225

Table 2 (continued)

Category Focus Key insights References
AI + Acoustic and

damage signal
integration

AE signals, damage
parameters

AE + AI enables crack length
estimation; ANN predicts

fretting fatigue crack initiation
based on geometry

[143,144]

Advanced imaging +
ML

μCT, defect analysis μCT and ML improve fatigue
life prediction in AM alloys by

modeling geometric defect
features

[152]

Physics-informed and
knowledge-based ML

PINNs, PIML, hybrid
frameworks

Embeds physical fatigue
behavior into AI models;

explicit geometry inclusion
improves accuracy

[142,149–151]

4 Reliability & Future Trends
Fatigue behavior, once thought to be governed predominantly by material composition and external

loads, is now increasingly understood as a geometry-driven phenomenon. Across micro-, meso-, and macro-
scales, geometry dictates the onset, direction, and propagation of fatigue cracks, turning it from a passive
descriptor into an active design variable. This section synthesizes the findings to generalize key insights and
outline how fatigue resistance can be engineered through geometric intervention.

4.1 Geometry as a Multiscale Fatigue Driver
From graphite nodules at the microscale to fillet transitions at the macroscale, geometry consistently

emerges as the initiation site of fatigue damage. It is not simply the presence of defects or features, but their
shape, orientation, spacing, and alignment with stress fields that dictate failure progression.

At the microstructural level, non-spherical graphite nodules, irregular inclusion boundaries, and sharp-
edged lamellae have been shown to concentrate local strain energy, serving as fatigue nuclei. These findings
were consistently observed in nodular cast irons [1,2,45,104], where SEM and tomography revealed that crack
initiation aligns with nodule shape and distribution rather than with random stress maxima.

Zooming out to mesoscale phenomena, surface geometries such as notches, curvature transitions, and
layer interfaces in FDM parts introduce stress amplifiers that dominate fatigue life [29,32,40,100,110]. These
geometrical triggers are often design-imposed or process-induced, and their effect persists regardless of the
material’s nominal strength.

On the macro scale, geometric transitions such as fillets, holes, and varying wall thicknesses have
proven to be unavoidable but controllable contributors to fatigue risk [5,102,112]. Studies across automotive,
aerospace, and civil engineering have emphasized that these regions require deliberate smoothing or stress
redistribution to prevent early crack formation.

4.2 Optimization as a Tool for Geometric Control
Optimization has shifted geometry from a passive to an actively controllable fatigue determinant.

Whether through removing excess material, smoothing transitions, or designing internal lattice architec-
tures, geometry can now be intentionally tailored for fatigue performance.
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Topology optimization frameworks—initially focused on stiffness and compliance—now incorporate
fatigue-based constraints, ensuring that geometry evolves to distribute loads more uniformly and avoid
crack-prone regions. Local constraint models, cumulative damage penalization, and p-norm filtering
techniques have all proven effective in reshaping geometry to extend fatigue life [3,15,33,59,90].

Parametric shape optimization has targeted fillet radii, curvature continuity, and cross-sectional thick-
ness, which are all known fatigue hotspots. Improvements in suspension arms, crankshafts, and connecting
rods demonstrate how subtle boundary refinements can yield large fatigue benefits without compromising
weight or manufacturability [61,63,106,135].

Within additive manufacturing, infill pattern design and raster angle selection provide direct control
over internal geometry. Lattice tuning and graded cell density approaches allow designers to embed fatigue
resistance into the structure’s core, not just its surface [10,65,104].

4.3 Reliability and Manufacturing Integration
While deterministic models provide a solid foundation, real-world fatigue performance is often dictated

by variability in manufacturing, loading, and environmental conditions. Several reviewed studies emphasize
the integration of reliability into fatigue-aware geometry design.

Reliability-Based Design Optimization (RBDO) frameworks now incorporate geometry-specific uncer-
tainties, including variations in fillet radius, weld geometry, defect positioning, and surface roughness. These
methods have demonstrated the ability to maintain fatigue performance across production batches and
loading scenarios [38,66,84].

Stochastic optimization has also been used to identify the statistically vulnerable regions within
a geometry. Monte Carlo–based methods and Weibull-distributed life predictions have helped reshape
geometry where it matters most—at risk-prone interfaces or likely defect zones [39,98,140].

Importantly, the shift toward as-built condition optimization is gaining momentum. Instead of design-
ing for ideal geometry, designers are beginning to incorporate manufacturing flaws (such as lack-of-fusion
voids or casting porosity) directly into their optimization constraints. This enables preemptive reinforcement
or geometry realignment that offsets expected imperfections [115,130,140].

4.4 The Geometry–Fatigue Nexus: From Passive to Active Control
Traditional fatigue design often treated geometry as a source of weakness—an unavoidable feature to

be mitigated post hoc. Today, geometry is increasingly understood as a designable, tunable variable capable
of enhancing fatigue life when used deliberately.

Evidence from micromechanics, topology optimization, and additive manufacturing converges on the
same conclusion: geometry governs fatigue, and design tools now exist to manipulate it at every scale.

Instead of reacting to failure, modern approaches advocate predicting and preventing fatigue through
front-loaded design—whether by optimizing internal print paths, reshaping outer boundaries, or embedding
robustness against manufacturing uncertainty. This evolution reflects a broader trend: from “damage
tolerance” to damage avoidance by design.

To conclude the discussion on fatigue resistance:

• Fatigue behavior is increasingly recognized as geometry-driven at micro-, meso-, and macro-scales.
Geometry influences crack initiation sites and propagation paths by altering local strain and stress fields.

• Probabilistic models now integrate geometric tolerances such as fillet radius variation, weld geometry,
and surface roughness into fatigue life predictions, enhancing robustness.
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• Stochastic optimization methods identify statistically vulnerable regions for targeted geometric
reinforcement.

• Hybrid reliability frameworks embed Weibull-distributed life constraints into geometric design vari-
ables, optimizing features like curvature, notch depth, and alignment for fatigue performance.

• Time-dependent degradation models that include geometry-aware stress concentrators (e.g., weld toes)
enable fatigue life extension through shape redesign.

• Additive manufacturing also plays a pivotal role by allowing internal geometry control through infill
patterning, lattice structures, and raster orientation, which can be optimized for fatigue improvement.

• Real-world variability in manufacturing and loading necessitates reliability-based design optimiza-
tion (RBDO) frameworks to ensure fatigue performance is consistent across production batches and
service conditions.

• Localized refinement in high-risk geometric zones can be achieved without compromising overall
structural integrity using methods such as augmented Lagrangian enforcement.

4.5 Research Gaps
Despite major advances in understanding and optimizing fatigue resistance through geometric

approaches, several critical research gaps remain unaddressed. These limitations, observed across all geome-
try scales and modeling domains, highlight the challenges that still need to be overcome for geometry-driven
fatigue design to become fully integrated and predictive.

4.5.1 Fragmentation between Scales
While significant insights have been gained at individual scales—such as the microscale behavior of

nodules [1,2], mesoscale effects of raster paths [29,32], and macroscale shape transitions [5,102]—there is
a lack of unified multiscale frameworks that link these together. Most studies either treat geometry at a
single scale or assume idealized conditions across others, limiting the fidelity of fatigue life predictions for
complex components.

4.5.2 Neglect of As-Built Manufacturing Geometry
Many optimization methods assume idealized geometry, disregarding real-world manufacturing arti-

facts. However, recent studies show that fatigue failures often initiate at as-built features, such as FDM layer
ridges, casting porosity, or unmelted powder zones [58,110,140]. Incorporating these geometric imperfections
into optimization pipelines remains underexplored.

4.5.3 Underuse of AI-Driven Fatigue Prediction
Artificial intelligence—especially deep learning trained on microstructural images—has shown promis-

ing results in predicting fatigue behavior based on geometry [104]. Yet, its use remains rare. Current
models are often data-poor or lack generalization capability across materials and manufacturing meth-
ods. Expanding AI frameworks to include geometry-informed fatigue modeling is a clear opportunity
for advancement.

4.5.4 Limited Adoption of Reliability-Centered Design
While reliability-based design optimization (RBDO) frameworks exist, few studies integrate them seam-

lessly with geometry-focused fatigue models. As shown in select works [38,39,66,84], including probabilistic
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treatment of geometric uncertainty—like weld variability, surface texture, and nodule spacing, can greatly
enhance predictive accuracy. Broader implementation of these methods is needed.

4.5.5 Absence of Standardized Benchmark Problems
Benchmarking across different fatigue optimization methods remains a challenge due to non-uniform

testing protocols, material systems, and loading profiles. Without agreed-upon geometry-focused fatigue test
cases, it is difficult to compare outcomes or validate new modeling approaches. Establishing a standardized
set of fatigue-geometry benchmark problems would enhance reproducibility and foster community-
wide progress.

5 Conclusion
This review offers the first comprehensive and systematic examination of geometry-focused fatigue

resistance across multiple length scales. Key novel contributions include:

• A unified framework contrasting geometry-optimization strategies at micro-, meso-, and macro-scales,
elucidating their specific fatigue initiation and propagation mechanisms.

• Identification of the critical role and underutilization of reliability-based design optimization (RBDO)
and probabilistic geometric uncertainty quantification in fatigue life prediction.

• The proposal of standardized, geometry-centric benchmark problems and evaluation criteria to enhance
reproducibility and comparative assessments across research efforts.

• Highlighting the transformative potential of additive manufacturing to control internal lattice and
microstructural geometries for fatigue improvement, balanced against challenges such as print-
path anisotropy.

• Establishing a clear path forward, integrating multiscale, manufacturing-aware, and AI-driven methods
to realize predictive and proactive fatigue life optimization.

By reframing geometry as a controllable, designable variable rather than an uncontrollable liability, this
work lays the groundwork for next-generation fatigue-resistant component design, shifting from reactive
damage tolerance to proactive fault prevention grounded in shape and topology.

To reinforce the paper’s contribution and provide a clearer path for future research, the following Table 3
summarizes the specific unresolved challenges per geometry scale (micro, meso, macro) identified within
the preceding discussion, along with possible future directions.

Table 3: Unresolved challenges and future directions in geometry-driven fatigue research

Geometry
scale

Specific unresolved challenges Possible future directions

Micro Fragmentation of understanding across
different microstructural features

(nodules, inclusions, phase boundaries)
and their combined effect on fatigue.

Development of unified multiscale
models that can capture the synergistic

effects of various microstructural
geometric parameters on fatigue

initiation and propagation.

(Continued)
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Table 3 (continued)

Geometry
scale

Specific unresolved challenges Possible future directions

Meso Limited incorporation of realistic as-built
manufacturing geometry (surface

roughness, layer interfaces in AM) into
fatigue models and optimization.

Integration of high-fidelity
characterization of as-built geometries

into fatigue prediction tools and
optimization frameworks. Development

of manufacturing-aware design strategies
to mitigate the negative impacts of

inherent geometric features.
Macro Lack of seamless integration of

reliability-centered design with
geometry-focused fatigue optimization
for large-scale structural components.

Development of robust RBDO
methodologies that explicitly consider

geometric uncertainties (e.g.,
manufacturing tolerances, assembly

variations) in fatigue life prediction and
optimization.

Cross-scale Underutilization of AI-driven approaches
to model the complex relationship

between multiscale geometry and fatigue
behavior.

Expansion of AI frameworks (e.g., deep
learning) trained on large datasets of

multiscale geometric features and
corresponding fatigue data to improve

prediction accuracy and enable
data-driven design optimization.

General Absence of standardized benchmark
problems for geometry-focused fatigue

research hinders comparison and
validation of different methods.

Establishment of community-wide
agreed-upon benchmark problems

encompassing various geometry scales,
materials, and loading conditions to

facilitate progress and validation in the
field.

As this transition matures, the language of fatigue will increasingly be written in geometric terms, where
curves, patterns, and voids are not liabilities, but deliberate decisions.
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36. Müller M, Šleger V, Kolář V, Hromasová M, Piš D, Mishra RK. Low-cycle fatigue behavior of 3D-printed PLA
reinforced with natural filler. Polymers. 2022;14(7):1301. doi:10.3390/polym14071301.

37. Chen Y, Monteiro E, Koutiri I, Favier V. Aggregation-free fatigue constrained topology optimization using
the constrained natural element method. In: 15th International Conference on Evolutionary and Deterministic
Methods for Design, Optimization and Control; 2023 Jun 1–3; Chania, Greece. p. 300–14. doi:10.7712/140123.10206.
18876.

38. Choi KK, Tang J, Hardee E, Youn BD. Application of reliability-based design optimization to durability of military
vehicles. In: SAE technical paper. Warrendale, PA, USA; 2005. doi:10.4271/2005-01-0530.

39. Logo J, Tauzowski P, Blachowski B. Optimal topologies considering fatigue with reliability constraint. Comput
Struct Technol Conf Proc. 2023;3:1–5. doi:10.4203/ccc.3.2.5.

https://doi.org/10.1016/j.euromechsol.2022.104723
https://doi.org/10.1016/j.actamat.2020.02.026
https://doi.org/10.1016/j.actamat.2020.02.026
https://doi.org/10.1007/s00158-016-1510-6
https://doi.org/10.1007/s00158-016-1510-6
https://doi.org/10.3390/app142110051
https://doi.org/10.1016/j.ijfatigue.2022.107402
https://doi.org/10.1016/j.oceaneng.2023.116228
https://doi.org/10.1016/j.compstruc.2023.107113
https://doi.org/10.1088/1757-899X/269/1/012060
https://doi.org/10.1051/matecconf/201816514014
https://doi.org/10.1108/rpj-11-2019-0300
https://doi.org/10.1108/rpj-11-2019-0300
https://doi.org/10.1088/1757-899X/531/1/012048
https://doi.org/10.1016/j.ijfatigue.2019.05.014
https://doi.org/10.3390/designs8050099
https://doi.org/10.3390/polym15122737
https://doi.org/10.1111/ffe.14406
https://doi.org/10.3390/math11051220
https://doi.org/10.1002/nme.7158
https://doi.org/10.1016/j.cma.2023.116629
https://doi.org/10.3390/polym14071301
https://doi.org/10.7712/140123.10206.18876
https://doi.org/10.7712/140123.10206.18876
https://doi.org/10.4271/2005-01-0530
https://doi.org/10.4203/ccc.3.2.5


232 Comput Model Eng Sci. 2025;144(1)

40. Hassanifard S, Behdinan K. Effects of voids and raster orientations on fatigue life of notched additively manufac-
tured PLA components. Int J Adv Manuf Technol. 2022;120(9):6241–50. doi:10.1007/s00170-022-09169-1.

41. Gong B, Cui S, Zhao Y, Sun Y, Ding Q. Strain-controlled fatigue behaviors of porous PLA-based scaffolds by 3D-
printing technology. J Biomater Sci Polym Ed. 2017;28(18):2196–204. doi:10.1080/09205063.2017.1388993.

42. Al-Ali MA, Al-Ali MA, Takezawa A, Kitamura M. Topology optimization and fatigue analysis of temporomandibu-
lar joint prosthesis. World J Mech. 2017;7(12):323–39. doi:10.4236/wjm.2017.712025.

43. Dudescu MC, Racz L, Popa F. Effect of infill pattern on fatigue characteristics of 3D printed polymers. Mater Today
Proc. 2023;78(3):263–9. doi:10.1016/j.matpr.2022.11.283.

44. Cerda-Avila SN, Medellín-Castillo HI, Cervántes-Uc JM, May-Pat A, Rivas-Menchi A. Fatigue experimental
analysis and modelling of fused filament fabricated PLA specimens with variable process parameters. Rapid
Prototyp J. 2023;29(6):1155–65. doi:10.1108/rpj-10-2022-0354.

45. Shiraki N, Usui Y, Kanno T. Effects of number of graphite nodules on fatigue limit and fracture origins in heavy
section spheroidal graphite cast iron. Mater Trans. 2016;57(3):379–84. doi:10.2320/matertrans.f-m2015841.

46. Szmytka F, Charkaluk E, Constantinescu A, Osmond P. Probabilistic low cycle fatigue criterion for nodular cast-
irons. Int J Fatigue. 2020;139(8):105701. doi:10.1016/j.ijfatigue.2020.105701.

47. Kyling H, Siddiqui MO. Full-scale fatigue testing of acast-iron wind turbine rotor shaft. Forsch Im Ingenieurwesen.
2023;87(1):235–46. doi:10.1007/s10010-023-00649-8.

48. Mayén J, Gallegos-Melgar ADC, Pereyra I, Poblano-Salas CA, Hernández-Hernández M, Betancourt-Cantera JA,
et al. Descriptive and inferential study of hardness, fatigue life, and crack propagation on PLA 3D-printed parts.
Mater Today Commun. 2022;32:103948. doi:10.1016/j.mtcomm.2022.103948.

49. Iacoviello F, Di Cocco V, Cavallini M. Fatigue crack propagation and overload damaging micromechanisms in a
ferritic-pearlitic ductile cast iron. Fatigue Fract Eng Mater Struct. 2016;39(8):999–1011. doi:10.1111/ffe.12443.

50. Ambhore N, Dhumal A, Borawake O, Marathe V, Nalawade D. Fatigue analysis of polylactide manufactured by
fused deposition method of 3D printing. J Mines Met Fuels. 2024;2024:957–64. doi:10.18311/jmmf/2024/45449.

51. Vechet S, Kohout J, Hanzlikova K, Hruby V. Fatigue behaviour of nodular cast iron at various loading cycle
asymmetry. Komunikácie. 2006;8(4):42–6. doi:10.26552/com.c.2006.4.42-46.

52. Tawade SV, Todkar SB, Hade AS. Fatigue life optimization of wind turbine blade. Int J Res Eng Technol.
2014;3(15):843–50. doi:10.15623/ijret.2014.0315160.

53. Ghodrat S, Kestens LAI. Microstructural dependence of tensile and fatigue properties of compacted graphite iron
in diesel engine components. Steel Res Int. 2016;87(6):772–9. doi:10.1002/srin.201500219.

54. Trampert S, Gocmez T, Pischinger S. Thermomechanical fatigue life prediction of cylinder heads in combustion
engines. J Eng Gas Turbines Power. 2008;130(1):012806. doi:10.1115/1.2771251.

55. Iacoviello F, Di Cocco V, Cavallini M. Fatigue crack tip damaging micromechanisms in a ferritic-pearlitic ductile
cast iron. Frat Ed Integrità Strutturale. 2015;9(33):111–9. doi:10.3221/igf-esis.33.15.
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