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Abstract

The fatigue performance of polymer components fabricated by Fused Filament Fabrication (FFF) under cyclic
loading is strongly influenced by their shell-infill configuration. Standard rotating bending(fatigue procedures,
such as ISO 1143:2010, assume solid and homogeneous circular sections, which can bias stress estimations
when applied to FFF specimens. In the absence of a specific fatigue standard for\additively manufactured
polymers, this work compares four analytical approaches to calculate 4he. section/modulus and associated
moment of inertia of FFF-printed specimens subjected to rotating bending fatigue tests, enabling accurate
estimation of the maximum surface stress through the classical flexural relation. The approaches range from the
solid-section assumption to an Analytical Geometry-Based (AGB) formulation that represents horizontally
printed morphologies with ovalized shell-infill interfaces and non-uniform shell thickness. The impact of each
approach is assessed by reconstructing S—N curves using (i) new. rotating bending tests on PLA specimens
manufactured with grid and honeycomb infill patterns and wyarying infill density under constant bending
moment, and (ii) literature data recalculated using geometry-aware/section properties. Reprocessing published
PLA datasets shows that geometry-aware stress estimation in.some cases can approximately double the inferred
fatigue life relative to ISO-based calculations. Experimentally, grid infill provides longer fatigue lives than
honeycomb under otherwise identical conditions: Overallythe AGB approach provides the most consistent stress
estimation for horizontally printed cylinders and impreves the comparability of rotating bending fatigue results

across different FFF configurations.

Keywords: Fused filament fabrication (FFF); Retating bending fatigue; Stress estimation; Geometry-based

approach; Anisotropy; S—N curves ~
1. Introduction

Additive manufacturing (AM), techniques, particularly Fused Filament Fabrication (FFF), have become
widespread in the fabrication'of polymer components due to their low cost, material efficiency, and geometric
versatility [1,2]. Their| ability to produce complex geometries without tooling has enabled successful
implementation in diverse fieldsisuch as medicine, where patient-specific prosthetics and anatomical models
are routinely fabricated; aerespace, where lightweight polymeric supports and housings reduce part count and
cost; and automotivey among others, where functional prototypes and custom fixtures benefit from reduced lead
times and design flexibility [3—6]. In many of these cases, FFF offers clear advantages over subtractive and
injection molding processes, particularly in terms of design freedom, material efficiency, and turnaround time.
Its layet-by-layer deposition approach allows for greater flexibility in shape customization and faster iteration
cycles, which is especially beneficial during the development of physical prototypes [7]. Furthermore, it enables
the fabrication of complex geometries—such as molds with integrated internal channels—that would be costly
or unfeasible using traditional machining or molding techniques [8]. These characteristics make FFF highly
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suitable for customized or small-batch production scenarios, where conventional injection molding becomes

economically inefficient due to tooling costs and setup times [9].

Despite these benefits, the mechanical performance of FFF parts remains a major limitation for their/structural
application. Unlike conventionally manufactured components, FFF parts are composed, in generaly.of a
continuous outer shell and an internal region formed by a periodic infill pattern with controlled porosity. This
architecture results in cross-sections that are both non-homogeneous and anisotropic, ‘With mechanical
properties highly dependent on printing parameters such as infill density, shell thickness, raster orientation, and
layer height. The influence of these parameters has been widely documented: raster angle configurations’can
significantly impact tensile and bending strength, with common orientations such as 0°/90° or £30° directly
affecting mechanical behavior [10]. The extrusion flow rate also plays a critical role, where proper calibration
can eliminate internal voids and increase Z-direction tensile strength by up to 50%, reducing anisotropy [11].
Similarly, layer orientation affects porosity and strength, with certain configurations—such as XY printing

combined with thermal treatment—achieving a 14% improvement in mechanical resistance [12].

Infill density and shell configuration have also been shown to govern mechanical anisotropy [13], and even
quasi-isotropic deposition patterns in short-fiber reinforced materials donet eliminate anisotropic behavior, due
to filament microstructure and porosity [14]. Fatigue life is particularly sensitive to layer and raster orientation:
some raster configurations can suppress the transition phase in4atigue failure [15], while perpendicular rasters
have been reported to reduce tensile and fatigue strength by up to 18% [16]. Overall, these findings confirm that
the mechanical response of FFF parts—tensile strength, stiffness, fracture toughness, impact resistance, and
fatigue behavior—differs markedly from that of bulkimaterials with the same nominal composition, due to the

microstructural and geometric complexity introduced by the printing process.

In conventionally manufactured metallic materials, fatigue life is generally treated as an intrinsic property of
the material. Under standardized test conditions,isuch as those defined in ISO 1143, the number of cycles to
failure can be reliably predicted for a given stress levely independent of the specific geometry of the specimen.
This is possible because metallic components, typically exhibit homogeneous and isotropic microstructures, and
the influence of factors such as surface finish or'size is either minimal or can be accounted for through well-
established correction factors. In contras& FFF components exhibit complex, anisotropic internal architectures
and layer-dependent properties that strongly couple fatigue life with geometry and process parameters. This

makes the fatigue behavior,of FFFE polymers inherently more variable and difficult to generalize.

Among the various mechanical properties relevant to FFF components, rotating bending fatigue behavior has
received comparatively less attention in scientific literature, despite its significance for components subjected
to cyclic loading. In the limited studies that do examine this type of loading, rotating bending tests are commonly
employed due to their simplicity and standardization. However, these tests are often conducted in accordance
with ISO 1143:2010, 4 standard originally developed for metallic materials with fully solid, isotropic, and
circular cross<sections:’The direct application of this standard to FFF-printed polymers is problematic, as it
assumes homogeneous material behavior and neglects the internal structural complexity introduced by additive

manufacturing processes.

Several authors have highlighted these limitations. Travieso-Rodriguez et al. [17] showed that infill density and
layer height iave a strong influence on fatigue life in PLA-wood composites, illustrating the inadequacy of
directlyrapplying ISO 1143 to such materials. Br¢i¢ et al. [18] similarly noted the absence of standardized
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models suitable for 3D-printed anisotropic polymers like PLA, ABS, and ASA in rotating bending conditions.
Hassanifard and Hashemi [15] demonstrated that the transition from tensile to rotating bending loading
significantly alters fatigue coefficients in PLA, underlining the insufficiency of isotropic-based standards for
FFF. Nagengast et al. [19] further supported this by validating anisotropic behavior models using ISO 178,
emphasizing the limitations of standards developed for homogeneous materials.

Additional modeling efforts reinforce these concerns. Dialami et al. [13] used a hybrid numerical-experimental
strategy to differentiate the mechanical contributions of the isotropic shell and anisotropi¢iinfill, showing that
assuming cross-sectional homogeneity introduces errors in fatigue prediction. Adibeig et al. [ 16];through FEM
simulation, demonstrated that raster orientation and notch presence critically affect fatigue life, again exposing
the mismatch with ISO 1143 assumptions. Finally, Cerda-Avila et al. [20] emphasized that conventional fatigue
models fail to capture the real behavior of FFF parts if internal structure and process parameters are not
accounted for. However, these approaches do not explicitly provide a closed-form section-property formulation
that captures the characteristic morphology of horizontally printed cylindrical specimens, where the shell-infill
interface becomes ovalized and the effective shell thickness varies around the perimeter. In such specimens,
these two geometric features directly alter the local load-bearing area‘and the moment of inertia governing the
maximum outer-fiber stress. The proposed AGB formulation addresses this specific gap by analytically
representing the ovalized interface and the resulting non-uniform shell thickness, enabling stress estimation tied

to the measured cross-sectional morphology without requiringsease-specific finite element modeling.

As a consequence, directly applying ISO 1143 for stress estimation in’FFF specimens introduces significant
inaccuracies—particularly in parts with low infill percentages or irregular shell geometries—and fails to
represent the anisotropic, non-homogeneous nature of printed cross-sections. This highlights the need for
alternative analytical approaches that reflect the actual geometry and material distribution of FFF components

in fatigue applications.

To address this limitation, the present work proposes the development and comparative analysis of four
analytical approaches to estimate the moment of inertia I and resulting stress of FFF-printed cylindrical
specimens subjected to rotating bending fatigue. Each estimation method introduces a different level of
geometric fidelity: from the convention&l solid-section approximation defined in ISO 1143 (Method 1), to
progressively refined approaches/that incorporate the role of the infill (Method 2), the combined contribution
of shell and core (Method 3), and finally a method based on the real printed morphology of the section, including
ovalized shell-infill interfaces and non-uniform shell thickness (Method 4, AGB). These methods are used to
predict S—N curves and are compared against both experimental results obtained in this study and fatigue data
from literature. The aim is to assess the ability of each method to capture the influence of internal geometry on
fatigue performancegand toestablish a robust framework for stress estimation in FFF components beyond the
limitations of current standards. The AGB method is shown to provide improved agreement with experimental
observations, offering a practical framework for fatigue life prediction in FFF-printed components based on

their actual geometry.

The novelty of this.work lies in providing a geometry-aware, fully analytical framework to estimate cross-
section propertiés for rotating bending stress calculation in FFF specimens, explicitly accounting for the shell—
infill geometry<While the bending stress relation is classical, the proposed contribution is the progressive
modeling of the effective load-bearing section with increasing geometric fidelity. In addition, the study
quantifies the practical impact of these geometric assumptions by showing that conventional solid-section
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assumptions can introduce non-negligible bias in stress levels and the resulting fatigue-life interpretation. In
particular, the AGB approach provides an analytical representation of the non-ideal printed section in
horizontally printed cylinders, enabling stress estimation without relying on finite element modeling and

improving comparability of S-N data across printing configurations.
2. Theoretical framework
2.1. Determination of rotating bending fatigue life in metals

Rotating bending fatigue testing is a standardized method used to evaluate the fatigue life of metallic materials
under cyclic loading. The procedure is defined in standard ISO 1143:2010 [21], which‘specifies that specimens
with a solid cylindrical geometry are subjected to a fully reversed cyclic bending mement while rotating around
their longitudinal axis (Figure 1). This results in alternating tensile and compressive stresses on the specimen

surface, with a stress ratio R = -1. o

Figure 1. Fatigue test and stress distribution [22]

The test is performed using hourglass-shaped specimensidesigned to localize failure within a well-defined gauge
section. The maximum stress (Snax), which is located,at the surface, is determined by the bending moment M

and the geometry of the cross-section, typieally using the flexural equation:

M
Smax = Eq. 1

N
where W is the section modulus at the failure cross-section. For a solid circular section, this modulus is given
by:

I mwd* 2 ndd
W=-=—-=— Eq.2
T 64 d 32

Alternatively, S canhbe calculated based on the applied force F, the lever arm length x, and the section
modulus W, according to:
Fx
Smax =5, Eq. 3
Here, I is the second moment of area (moment of inertia) of the section, and r is the outer radius at the gauge
section. Once the;maximum stress is determined, it is paired with the number of cycles to failure N to generate

the S—N curve, which characterizes the material’s fatigue response.

This methodrelies on several key assumptions: the specimen has a solid and homogeneous structure, the cross-

sectionvis.circular and constant along the gauge zone, and the material is isotropic and has uniform distribution.
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These assumptions are valid for conventional metallic specimens, but they do not hold for components

manufactured via fused filament fabrication (FFF) or other additive manufacturing (AM) technologies.

In FFF printed specimens, the cross-sectional geometry is often non-solid and anisotropic, depending on the
build orientation, infill density, and number of outer shells. The presence of an internal matrix or partiallyfilled
core significantly alters the moment of inertia I and the section modulus W. Therefore, directly applying [SO
1143 to such components, without accounting for these features, leads to a miscalculation of the actual
maximum stress and a distortion of the resulting S—N curve. While ISO 1143 provides a robust framework for
metals, its application to AM parts—particularly those produced by FFF—requires careful reinterpretation of

the cross-sectional geometry and material distribution, as explored in subsequent sections of this work.
2.2. Morphology of cylindrical parts in additive manufacturing

The AM processes, specifically FFF for this case study, introduce unique geometric characteristics to printed
components that significantly differentiate them from conventionally machined or molded parts. One of the
most relevant structural distinctions in FFF specimens is the inherent dual eomposition of their cross-sections:

the outer shell (or contour) and the infill.

The shell can be simplified to a set composed of solid, continuous extruded lines that define the external surface
of the part. It also depends on several variables such as the number of shells;or the superposition percentage of
the lines extruded, among others. In contrast, the infill is generated as.a patterned, often non-continuous lattice
structure whose material density is governed by a user-defined parametét known as the infill density factor (fi).
When f; = 100%, the infill region can be considered as completely solid. In a cylindrical part, it results in a
monolithic cross-section similar to a traditionally machined part. However, if f; < 100%, internal voids are

intentionally introduced and the structure becomes heterogeneous, alternating zones of solid material and air
gaps.

Furthermore, the deposition of material in FFF is inherently discrete and anisotropic. Filament is laid down
layer by layer in the XY-plane, with subsequent layers stacked along the Z-axis. This discrete layering causes
the material to behave differently in directionsiparallel and perpendicular to the printing layers, introducing

anisotropy into both mechanical perform\ance and geometric definition.

Among the most critical parameters in' the printing process of a cylindrical part is its orientation on the build
platform. In particular, howsthe.cylindrical.axis of the specimen aligns with the printer's coordinate system. This
orientation dictates the direction,of the extruded layers and, consequently, the internal structure and effective
geometry of the cross-section. In this regard, there are two particularly common configurations employed in
additive manufacturings vertical printing, and horizontal printing. Each of these orientations results in different
structural and geometric characteristics that significantly influence the final mechanical performance of the

printed specimen.

In the case of vertically'printed cylinders, where the longitudinal axis of the specimen is aligned with the
printer’s Z-axis, the cross-sectional plane perpendicular to the loading axis retains a circular shape. The external
contour(shell) and the transition between shell and infill follow circular profiles, and the shell thickness remains
constant along the perimeter (Figure 2a). Although this configuration yields more geometrically homogeneous
sections, it tends to perform poorly under tensile or bending loads. Failure in vertically printed specimens

commeonly occurs by delamination, i.e., the separation between layers, due to the weak inter-layer adhesion
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along the build direction. Figure 3a and 3b show two vertically printed specimens, without a shell and with a 3-

layer shell respectively.

(a) ‘—'] (b)
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Figure 2. Cylindrical FFF specimen representation'printed along different orientations: (a) vertical and (b)
horizontal.
In contrast, when the cylinder is printed horizontally, as schematically represented in Figure 2b, i.e. with its
longitudinal axis lying on the XY-plane, the cross-sectional profile is no longer strictly circular. Due to the
layered construction and slicing resolutigl, the interface between the shell and the infill becomes oval, and the
effective shell thickness is no longer uniform around the perimeter, as observed in the printed samples with
different infill factor shown in Figure 4. The result is a non-homogeneous section where the load-carrying
capacity varies depending on angular position. Under tensile or bending loading, the failure mode in horizontally
printed parts is governed bysmaterial fracture rather than delamination, which generally allows them to
withstand higher stress, levels. As a result, this orientation is commonly preferred for cylindrical parts when

mechanical performance under leading is a critical factor.
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2000 pm
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Figure 3. Vertically printed PLA specimens: (a) 100% infill after rotating-bending fatigue testing; (b) 25% infill
with a rectangular pattern and three layers, obtained by interrupting the manufacturing process to expose the
gauge section, shown in the as-printed condition.

2000 pm
—

@ (b)

Figure 4. Horizontally printed PLA specimens after rotating-bending fatigue testing: (a) 3 shells, 0.2 mm layer
height, 25%unfill; (b) 2 shells, 0.3 mm layer height, 50% infill [23].
This variability becomesparticularlytelevant in rotating bending fatigue tests. In such tests, the cyclic stress
distribution is highly sensitive to cross-sectional geometry. Assuming a homogeneous solid circular section, as
prescribed by the ISO1143:201021] standard, can lead to substantial inaccuracies in calculating the maximum
bending stress (Smax), /€Specially, when the actual section includes internal voids and non-uniform shell
thicknesses.

In horizontally printed FFF specimens, the actual geometry of the cross-section depends not only on the number
of outer shells (z)but also on the extrusion width (w) and the fi. A simplified model of the cross-section can be
considered as a‘solid external ring of thickness nw, representing the shell, and a core region with reduced

effective stiffness, influenced by the chosen infill pattern and density (Figure 4).
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Therefore, accurate interpretation of rotating bending fatigue in FFF parts requires the characterization of the
cross-section. Accordingly, applying ISO 1143 [21] without correcting for the actual printed morphology may
bias stress estimation and the resulting fatigue-life assessment.

2.3. Problem statement: Determination of rotating bending fatigue life in additive manufacturing

In the context of FFF and considering the material distribution within the specimen, two sources of errorhave
been identified:

On the one hand, the shell and the infill geometry and material distribution depend on user-defined parameters
such as n, w or fi. Although for a value of f; = 100% the specimen can be considered fully solid, and the
assumptions of the ISO standard are reasonably satisfied, values of f; < 100% cause the presence of internal
voids which significantly reduces the density, effective stiffness and, consequently, the load-bearing capacity of
the cross-section. In such cases, using the inertia of a full solid section overestimates.the section's moment
resistance, resulting in an underestimation of S and a distortion in the detived fatigue life. To address this
limitation, the current study introduces a methodology that accounts for the actual geometry and material
distribution within the cross-section. Specifically, the total moment of inertia of the section /.. is modeled as

the sum of two components:
Liotar = Isneu +dimgiu Eq. 4

where I.n corresponds to the moment of inertia of the external ring wh"ch depends on nw, and I, represents
the contribution of the internal core to the total moment of inertia, which depends on the infill density factor f;

and its geometry.

On the other hand, beyond the internal heterogeneity introduced by varying material densities, it is also essential
to consider the actual geometry of these regionsiAskey challenge in FFF lies in the discrepancy between the
designed and the printed geometry, which stems from the layer-by-layer deposition nature of the process. This
discrepancy primarily results from the mismatch between the layer height (t) and the extrusion width (w),

leading to a non-uniform shell thicknessgpatticularly in the top and bottom regions of the specimen.

In horizontal printing, this effect becomes especially pronounced. As illustrated in Figure 2b, the shell no longer
forms a continuous and regular ring. Ins@ad, its thickness is significantly reduced at two critical points: the first
and the last layers of the cylinder. An these areas, the effective shell thickness is limited to n-¢, which is
consistently smaller than n@w —the theoretical value derived from wall count and extrusion width—. This
deviation is not due to a design flaw but is instead an intrinsic feature of the FFF process, resulting from the

mechanics of filament stacking.

The slicing softwareattempts.toamitigate this issue by adding extra top and bottom layers, but the compensation
is partial at best. Consequently, for, accurate mechanical modeling —particularly when calculating the moment
of inertia— it ismecessary to account for the real printed geometry rather than relying solely on nominal design

parameters.

The approach propesed in this work enables a more accurate estimation of the maximum surface stress and,
consequently, a more reliable construction of S—N curves for FFF specimens. Four different calculation methods
to estimate I,.and therefore Sy, are evaluated. These methods vary in how they model the shell—infill interface,
thesassumed geometry of the internal region and the level of simplification. Their predictions are compared to
experimental fatigue data to assess the influence of geometric assumptions on life estimation accuracy.
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Method 1 — ISO 1143: Assumes a fully solid circular cross-section, equivalent to applying the ISO 1143:2010

standard [21] without correction.

Method 2 — Infill-Based Method (IB): Studies the section modulus considering only the infill'région and
neglecting the shell. The effective inertia is scaled according to the infill percentage, but no shell geometry is

included.

Method 3 — Dual-Component Method (DC): Models the section as a composite of afsolid outet,shell’and a
circular inner core with partial density. The interface is assumed to be circular, and the shell has uniform
thickness.

Method 4 — Analytical Geometry-Based Method (AGB): Incorporates a realistic geometric deseription based on
the actual morphology of horizontally printed FFF cylinders. It considers an oval interface between shell and

infill and non-uniform shell thickness, identifying the critical section for fatige failure:

These methods are compared in terms of their predicted stress levels and their influence on the shape and
position of the resulting S—N curves. By gradually incorporating the morphological complexity of FFF
components, the following analysis aims to provide a more rigorous framework for interpreting rotating bending
fatigue results and helps bridge the gap between standardized metallic testing:and the reality of polymeric AM

parts.

3. Estimation of Section Properties 3

As discussed in Section 2.3, applying ISO 1143 [21] directly/to FEF specimens using Method 1 — ISO 1143
assumes a fully solid circular cross-section. This assumption is only valid for fully dense specimens f; = 100%
with uniform shell thickness. However, for f; < 100%, there is a lack of material that reduces the effective
moment of inertia of the section. Therefore, this,work ‘introduces three alternative analytical approaches to
estimate the moment of inertia / (and section modulus V') for rotating bending which are then used to compute

Smax through the classical relation used:for fatigue life prediction (equation 1).
3.1. Method 2 — 1B

This approach considers only the cont@ution of the infill region, disregarding the structural reinforcement
provided by the shell (Figure 5). It assumes that the effect of the shells on section modulus #/ is negligible, and
that I can be calculated consideringonly the infill.

I

Infill
Ex. 50%

2

Figure 5. Cross-section representation of the Method 2 — IB specimen, which considers only the infill and
excludes the shell by definition
This hypothesis assumes that the lack of infill mass in percentage is equivalent to a proportional loss in inertia,
disregarding the existence of the shell. Consequently, the cross-section can be modeled as a solid cylinder, being
the moment of inertia (equation 5) and the section modulus (equation 6) obtained according to the ISO 1143

standard andproportionally to the infill factor f; € [0,1].



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MST-132103.R1 Page 10 of 29

IT6tar = f; '%(R4) Eq.5

WMZ_ITA‘{)Ztal_E "R3 Ea. 6
=T =2[fi-R°] q.

As discussed in section 5, this method introduces a correction for the infill density which might be-appropriate
if the contribution of the shell is negligible with respect to the infill, e.g. in the specimen shown in Figure 3a.
However, it underestimates the total stiffness of the cross-section, especially in specimens withha significant

number of outer shells, as in the case of the specimen shown in Figure 3b.
3.2. Method 3 - DC

This method models the cross section as two components: (1) a solid outer ring whose thickness corresponds to
nw, and (2) a circular inner core, which is not necessarily solid. As shown in Figure 6, the interface between the
infill and the shell is assumed circular and the shell has uniform thickness R4 — R; =n-w, where R, and R;
are the outer and inner radii of the shell respectively.

Shell
100%

Infill
Ex. 50%

Figure 6. Cross-section representation of the Method3 — D€ speeimen, which models the section as two
separate parts: a circular outer shell and & central infill
Considering that the infill is circular and the shell forms a solid ring/(i.e., with no internal gaps), the moment of
inertia and section modulus from equations 7 and 8 were used to calculate the maximum stress Syax, respectively.

The details of the process to obtain these equations are included in Appendix 1.

ot = fi-5 (RO G (RE=RE) = T[RS + (i~ DRY] Fa.7
WM3_I%/Ic;gtal_E[R3+(f,_1)R4/R ] Eq. 8
TR, allo : Lo &

This method provides a reasonable approximation of the geometry observed in cylindrical specimens printed
vertically, such as those shown in/Figure 3b. However, a closer examination to the cross-section of horizontally
printed specimens reveals that the intérface between the infill and the shell is not circular, and the shell thickness

is non-uniform (Figure 4a and 4b). Specimens with this geometry are better represented using Method 4 (AGB).
3.3. Method 4 — AGB

This method incorporates a more realistic geometric description based on the actual morphology of horizontally
printed FFF cylinders. It considers an oval interface between shell and infill and non-uniform shell thickness,
enabling the identification of the critical section for fatigue failure (Figure 7).

S

max

Shell
100% R,

Infill {
Ex. 50%
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Figure 7. Cross-section representation of the Method 4 — AGB specimen, which includes a more realistic oval-
shaped interface between the infill and the outer shell
Following the procedure introduced in section 2.3 (Equation 4), the analytical expression of the totalmoment
of inertia can be obtained as the sum of the moment of inertia of the infill and the shell respectively:To this

regard, the partial moments of inertia are calculated separately as represented in Figure 8.

It must be noted that the cross-section assumed in this method is not axisymmetric, therefore, the total moment
of inertia and Sy« depend on the angular orientation of the specimen within the cross-section plane. In the
following calculations, the cross-section is oriented with its minimum shell thickness(located at the top’and
bottom, as shown in Figure 9. Under loading along the y-axis, this orientation results in the lowest moment of
inertia and the highest S,,,,,, Which corresponds to the location where fatigue cracks due to rotating bending

typically initiate. Accordingly, the moment of inertia calculations presented below are based on this orientation.

= i
s P 3

o Ly 5 Lpotal

IRing

Figure 8. Decomposition of the cross-section used in Method 4 =AGB for inertia calculation. The total moment
of inertia is obtained as the sum of two components: the non-uniform outer shell, and the central core. The
orientation corresponds to the criticaltease with minimum shell thickness aligned vertically.
Figure 9a depicts the geometry of the shell over one quarter of the cross section. Due to the characteristics of
the printing process, the inner arc of the shell profile (are p ‘g ") has the same radius as the external arc (arc pq)
with its center displaced by a distance of nw torthe leftiThis detail is essential for accurately determining the
moments of inertia of the elements of the section. To,compute the moments of inertia of both the ring and the

infill, five auxiliary regions (A-E) are defined as illustrated in Figure 9.

1/

(b) (c)

Figure 9sSchematic representation of one-quarter of the cross-section of a horizontally printed specimen. (a) Geometric
details of the arcs«defining the shell profile. (b) Auxiliary regions used to calculate the moment of inertia of the infill. (c)
Auxiliary regions/used to calculate the moment of inertia of the shell. Regions A and D correspond to the infill and shell
areas, respectively. In horizontally printed specimens, the shell thickness is non-uniform around the perimeter; the
minimum shell thickness in the vertical direction defines the critical section that governs the maximum outer-fiber stress
under rotating bending.
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The calculation of the moment of inertia begins with the determination of I, corresponding to auxiliary region
A (Figure 9b), which is enclosed between the arc segment pq and the adjacent leg of triangular region B. This
term is computed using Equation 9, based on the superposition of the moments of inertia of regionssB and C

with respect to the x-axis, denoted as IZ and I{, respectively.
1A=1¢—1B Eq. 9

Although the final expression of I is represented in terms of n - w, the moment of inertia of region.C with
respect to the x-axis is obtained through the standard formula for second moment of area of circular sectorabout
the x-axis, as shown in Equation 10. The integration limits are defined over the radialildomain R €0, R, ] and

the angular sector 6 € [0, 8'] which is defined in Figure 9b.

160" = [ [F°(R3sin?60)dRd6 = % [9' - @] Eq. 10
~

The moment of inertia of region B (IZ) corresponds to that of a right triangle with one leg aligned along the x-
axis, as shown in Equation 11. In this expression, R, denotes the outer radiusiof the’specimen cross-section, 7
is the number of shell layers, and w is the extrusion width of each layer. For consistency with the formulation
of I¢ in Equation 12 and to simplify the analytical expression of I#;ithe actual‘expression of IZ has also been

reformulated in terms of 8, as given in equation 13.

bh3 3
12(n,0) =22 ="2((RZ=(nyw)?) Eq. 11
n-@=R, - cos(6") Eq. 12
4
12(6") = 32 cos(@")sin® (6") Eq. 13

Thus, the moment of inertia of region A (1) expressed.in terms of 8’ is given by the following equation:

N - RS ; R; .
IHCAES e (20" — sin(26")) — -, cos(8")sin® (6") Eq. 14
Now, according to Figure 9b and considering that the displacement of region A along the x-axis does not affect

its moment of inertia with respect to that axis, the moment of inertia of region D can be calculated as:
=14 Eq. 15

The expression for the moment of inertia‘of region E has been calculated using the same approach employed
for I, with the angular integration limits set to the interval & = [0, /2] in radians, as shown in Equation 16.
Subsequently, the momént of inertia of the shell with respect to the x-axis I2, is obtained by combining the

contributions of the relevant regions, as defined in Equation 17.

If = =R} Eq. 16
D ! Rg ! . ! Rg ! -3 !
;68" = E(n — 20" +sin(260")) + T, €0s(8")sin> (6") Eq. 17

Becausethe derivation to obtain 12 and I2 (Equation 17) is performed over one quarter of the cross-section, the
full-section inertia is obtained by symmetry (multiplication by 4). The infill contribution is approximated by
scaling the selid=core inertia by the infill fraction f; (with f; = 1 representing a fully solid core). Using Equation
I7;the inertias of the shell (Isken), the infill (I1,f;;;) and the sum of them (I74tq;), as represented in Figure 8, can

be calculated as follows:
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4 4
Isne(8") = 4 - 12 = 22 (mr — 260" + 5in(26")) + 2 cos(0")sin® (8')  Eq. 18
Ipin(0) =4 fi - I = f; - [ (26" — sin(26")) ——cos(Q )sin® (0 )] Eqo19

’ ’ ’ Rg ’ , ' N I}
Irotar(0") = Ispey(0") + I (0") = T[n +A-1) (—29 + sin(20') + %cos(@ )sin® (0 ))] Eq. 20

As commented before, expressing the inertia of the different parts in terms of the variable 6 has simplified the
calculation process. However, it is more intuitive to express them using the variables (n, w)yi.e. the number of
shells and the layer width respectively, as far as these are the real design parameters wheén manufacturing parts
by FFF. To express the result in terms of design parameters, 6 is eliminated from Equations 18-20 using
Equation 12, yielding closed-form expressions (Equations 21-23) for moment of inéttia of the shell sy, the
infill I;, ¢4y, and the total section Irorqr = Isnen + Iinfinr» respectively, as functions of (n, w).and f;.

Ishen(n, w) = R—g(n 2 acos (Ro) + sin (2 acos (%))) + %(ROZ‘_ (nw)2)3/2 Eq. 21

Imfa(n, w) = f; - [ <2 acos( 0) — sin (2 acos (%))) - n_;"_(ROZ (nw)z) Eq. 22

000 =+ - (i 2o (32) - 2aos ()P 2 0, -

23
4
Equation 23 provides the final analytical estimate of the total moment of inertia for Method 4, which is

subsequently divided by R, to compute the section‘modulus represeénted by Equation 24.

WM(n,w) = [n +1-1f): (sin (2 acos (7;—‘:)) —2.acos (7;—‘:))] +(1- ﬂ):_;:(Roz _ (na))z)3/2 E
24

Considering Equation 23 and Equation,1 the maximum stress (Snax) can be obtained. This method can be
considered more accurate in the calculation. of horizontally printed cylinders, since it uses an analytical

expression of the exact cross-section geometry.
4. Comparative study of the proposamethods

To evaluate the mechanical implications of the different modeling approaches introduced in Sections 3.1 to 3.3,
this section presents a comparative study based on two key parameters: the moment of inertia I, and the
maximum stress S, 4. These parameters are discussed separately to isolate the influence of geometry (through

I,)) and to assess the fatigue-relevant stress response (through S,,,,) under a representative loading condition.
4.1. Effect of Infill and Shell Thickness on the Moment of Inertia I,

In cylindrical components produced by FFF, I, is primarily governed by two geometric factors: the infill density
f; and the shell thickness 7 w.

At constantyshell, thickness, I, increases with the infill density, as illustrated in Figure 10a. Method 1 (ISO)
predicts a constant inertia regardless of the infill or shell configuration. While this method is only valid for

100% solid specimens, it has been included in this analysis as a reference baseline.

Among the other approaches, Method 2 (IB) — which excludes the shell contribution but includes the effect
of the infill density — is the most sensitive to changes in fi. Method 3 (DC), which models the shell as a uniform
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ring, shows the least sensitivity, as it underestimates the impact of the variable infill. Method 4 (AGB), which
incorporates both the infill and a realistic representation of the shell geometry, consistently yields I, values
between those predicted by Methods 2 and 3 for all infill levels. This behavior highlights the structural
reinforcement provided by the outer shell—even in small thicknesses—and reinforces the importance of

accurately modeling its geometry to obtain reliable stiffness estimations.

On the other hand, at constant infill density, the evolution of the moment of inertia [, with inereasing shell

thickness n-w highlights the differences between the structural assumptions of each method:

As shown in Figure 10b, although I, is constant for Method 1 and Method 2, the value obtained ftom Method
2 is significantly lower since it completely neglects the shell contribution. This simplification leads to a clear

underestimation of the real structural stiffness, especially in specimens with multiple outer<ontours.

The two remaining methods, which incorporate the shell in their formulations, show-ansincreasing trend of I,
with respect to shell thickness. Method 3 (DC) assumes a shell with idealized ring geometry, which results in a
rise of inertia as material is added further from the neutral axis. However, this,idealization tends to overpredict
the stiffness gain, especially in the case of horizontally printed specimens, where the actual shell profile deviates

from a perfect circular ring.

Method 4 (AGB), which introduces a more realistic geometrigirepresentation of the shell, including its non-
uniform thickness and oval interface with the infill, yields a more,gradual and physically consistent increase in
inertia. Its curve remains between those predicted by Methods 2 and'3 throughout the range of shell thickness

values, accurately reflecting the partial reinforcement provided by the shell under realistic FFF conditions.

600 T T T T 600 : T T T T
Constant Shell Thickness ' Constant Infill Density
Method: Method:
- - Ml (150) -- tg &sag))
....... 12 .Y
400 + _ Q{g Bg) 8 400 - — M3I(DC}
T ~—— M4 (AGB) = — M4 (AGB)
: : 1
= =R ; Solid Section
200 % 200 5 .
| 4—— 2Shells
0 L L L L 0 H I I I
0 0.2 0.4 0.6 0.8 1 0 1 2 3 4 5
Ji m+ [mm]
(a) (b)

Figure 10. Inertia evelution with the infill density (a) and the shell thickness (b). Variations in shell thickness,
particularly the minimum thickness in horizontally printed sections, can dominate the effective section
properties and thus the stress level used for fatigue assessment.

4.2 Stress-Based Comparison Under Experimental Bending Conditions

While the moment of inertia offers valuable insights into the structural stiffness of the specimen, fatigue failure
is ultimately governed by the maximum surface stress developed under bending loads. To assess the relevance
of each method in practical fatigue scenarios, the estimated surface stress S, 4, has been computed under a fixed

bending moment representative of the experimental setup: M = F - x =300 N-mm.

Page 14 of 29
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Figure 11a to ¢ show the evolution of S,.. as a function of shell thickness n-w for different infill percentages,
according to Methods 2, 3, and 4. For reference, the result of Method 1 (ISO), which corresponds to the stress
in a fully solid section, is represented as a horizontal line in all cases. Additionally, a vertical dashed line is
included in each figure to indicate the case of two shell layers of 0.4 mm each (i.e., n'w = 0.8 mm). This

configuration has been selected as a representative condition and is further analyzed in Section 5.

In Method 2 (Figure 11a), the absence of shell contribution leads to a strong dependency of S;;,4% on the infill
density. At low shell thickness and reduced infill percentages, the predicted surface stress in€reases significantly,
reaching values far beyond those expected in real specimens. This makes the method overly conservative and

unrealistic for typical FFF configurations.

In contrast, Method 3 (Figure 11b) introduces a more moderate behavior. By accounting fot,a uniform circular
shell, the method reduces the surface stress as the shell thickness increases. However, the assumption of ideal
ring geometry leads to a steep decline of S, at low shell thickness values, overeﬁmating the mechanical
benefit of the shell, particularly when the material distribution is not uniform. Despite this limitation, the
simplified geometry used in Method 3 makes it especially suitable for verticallysprinted specimens, where the

shell tends to be more regular and concentric, aligning well with the assumptions of the method.

Method 4 (Figure 11c), which incorporates the actual non-uniform geometry of horizontally printed shells,
provides the smoothest and most realistic evolution of S,.. Thesstress values decrease progressively with
increasing shell thickness, and the sensitivity to infill density is alsogreduced compared to Method 2. This
behavior aligns with the physical mechanisms of fatigue failure, which tend to initiate in regions of minimal
shell thickness—well captured in this formulation. Although this method offers the most accurate representation
for horizontally printed specimens, its detailed geometric treatment may be less critical for vertically printed

parts, where simpler assumptions such as thosesin. Method 3 remain valid and effective.

(a)20 . : ()20 : :
. Method 2 (IB) : Method 3 (DC)
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Figure 11. Estimated maximum surface stress Smax as a function of shell thickness n-w for different infill
percentages using (a) Method 2 (IB), (b) Method 3 (DC), and (c) Method 4 (AGB). The vertical dashed line
corresponds to the representative case of two shell layers of 0.4 mm each (n-w = 0.8 mm). The strong sensitivity
to shell thickness reflects its direct effect on the section modulus; in‘horizontally printed specimens, non-
uniform shell thickness therefore governs the critical stress and the expected fatigue-failure location.

5. Experimental Setup for fatigue testing

The specimens used in this study were designed to be gedmetrically:compatible with the ISO 1143 standard
[21]. Each specimen includes a central gauge section with a reduced diameter, which is flanked by two larger
diameter ends to allow proper clamping in the fatiguestesting machine. The specimen measurements and
representative printed samples are shown in Figure 12. The specimens were manufactured using a Raise3D E2
printer with fused filament fabrication (FFF) technology. All samples were printed using PLA under controlled
conditions to ensure repeatability. The process parameters (layer height (¢), extrusion temperature (7), bed
temperature (75) and printing speed (v)),were kept constant to ensure repeatability. The percentage of infill
changes between 100 and 25%. This allows obtaining different stress conditions in different specimens for a
unique loading condition (1 kgf at 30 mm from the critical section) and makes it possible to obtain the Wohler

curves [24]. Table 1 summarizes thé main printing parameters used in this study.

i @

10 12 30 41 30

210 @12 @9
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/
R27 —

(a) (b)

Figure 12. Rotating bending fatigue specimens: (a) specimen geometry and dimensions according to ISO 1143:2010;
(b) set of horizontally printed PLA specimens prior to raft removal.
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Shell Thick:
t [mm] | T[°C] | v [mm/s] fi [%] Pattern T, [°C] | Shells
[mm]
0.2 215 40 100 - 75-50-25 Grid 55 2 0.8 (0:4x 2)
0.2 215 40 100 - 75 - 50 - 25 | Honeycomb 55 2 0.8(0:4.x 2)

Table 1. Printing parameters used for specimen fabrications

Two printing orientations were considered to analyze the different distributions of material across the specimen
section described in section 3. Using the vertical orientation (Figure 3), the cylindricabaxis is aligned with the
printer's Z-axis. In this case, the printed layers are deposited perpendicular to thedirection of the applied stress.
This configuration yields a relatively uniform and concentric shell, and the shell-infill interface approximates a
circular profile. On the other hand, in the horizontal orientation (Figure 4) the cylindrical axis lies in the XY-
plane. Due to the nature of layer-by-layer deposition, this configuratien results in the oval cross-sectional shape
with non-uniform shell thickness. These differences in geometry and material distribution are critical when
estimating the mechanical response of FFF specimens under bending fatigue. As discussed in Section 3, the
standard assumptions of a fully solid, homogeneous cross4section are not valid for such cases. Therefore, an
accurate estimation of the moment of inertia and resulting ‘stress requires the use of geometry-aware methods,

especially for specimens printed horizontally.

The fatigue testing experiments were carried out using'a custem-built rotating bending machine (Figure 13).
The equipment has been routinely used in otr laboratory, and its measurement reliability is supported by prior
peer reviewed studies and benchmark tests on metallic alloys showing good agreement with literature data
[22,25-28]. The test rig applies a constant bending moment to the specimen while it rotates around its
longitudinal axis at a controlled speed. The configuration reproduces fully reversed loading conditions (stress
ratio R =—1), in line with the ISO 1143 standard [21].

The machine applies the load through a\cantilevered system using adjustable weights positioned at a known
distance from the specimen's central axis. By varying the applied mass or specimen infill percentage, different
bending moments were generated to explore fatigue behavior at multiple stress levels. The maximum surface
stress for each configurationswas estimated using the geometric models presented in Section 3, incorporating
the real cross-sectional ‘properties, of each specimen. The resulting stress values were used to construct the
corresponding S—N curves\(Wohler curves) [24], which relate the maximum surface stress to the number of
cycles to failure. These curveshallow a direct comparison between the predicted and experimental fatigue
performance of the printed specimens. Fatigue life was determined by the number of cycles to failure (N) for
each specimen. To ensure reliability, a minimum of five specimens per infill condition and pattern were tested,
allowing statistical analysis and determination of fatigue life variability. The printing and fatigue testing

conditions were selected based on preliminary tests [22,24,29-31] and existing literature [32-35]
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(a) (b)

Figure 13. Custom-built rotating bending machine (a) and test specimen in the test position (b)

The maximum surface stress for each configuration was estimated using thé geometricimodels presented in
Section 3, incorporating the real cross-sectional properties of each specimen. The resulting stress values were
used to construct the corresponding S—N curves. These curves allow a direct comparison of the different

methods to assess their performance in predicting fatigue life. The fatigue test details are provided in Table 2.

Load 0tational Frequenc
Mat. Print. Dir. kef] speed [(ilz] y
& [rev/min]
Bermudo et al. [24] FR PLA Hor. OZS’IOI' 9’Q 1800 30
This study PLA Hor. 1 1800 30

Table 2. Summary of fatigue test data of the different specimens analyzed
6. Results and discussion

This section examines how different estimation methods for the moment of inertia / influence the interpretation
of rotating bending fatigue data in “FFE specimens. First, previously published experimental results are
reanalyzed using methods M2-M4 to assess how the estimated stress changes for a given number of cycles to
failure. Then, fatigue life is predicted for PLA specimens under constant bending moment, considering different
cross-sectional geometries associatéd with varying infill densities. Finally, fatigue data from different studies
are compared before and after applying thé method that best represents the actual geometry of the specimens,

in order to evaluate its effect,on the consistency and comparability of S—N curves.
6.1. Reinterpretation.of Experimental Fatigue Data

Although the number of studies focused on rotating bending fatigue of FFF-manufactured polymers is limited,
most of them follow a common approach to estimate the stress amplitude. Specifically, they adopt the
formulation of ISO 1143—originally developed for homogeneous, fully solid metallic specimens. This method,
referred to as Method 1 (ISO) in this work, neglects the contribution of the outer shell and the non-uniform,
anisotropic geometry €haracteristic of FFF components.

To assess the influence of this simplification, the present study reanalyzes selected fatigue data from the
literature using the moment of inertia estimation methods introduced in Section 3. In particular, the original
values—typieally computed under the assumptions of Method 1—are recalculated using the geometry-aware
methods: M2 Infill-Based (IB), M3 Dual-Component (DC), and M4 Analytical Geometry-Based (AGB). This

reinterpretation enables a consistent comparison of fatigue life predictions across different studies. It is
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important to note that this procedure constitutes an indirect validation of the proposed methods to estimate the
moment of inertia and the resulting stress levels. Rather than measuring stresses or using numerical simulations,
the methods are assessed by their ability to rationalize and align existing experimental S—N cuzves, through
geometry-aware stress correction. While this approach does not confirm the absolute accuracy of each method,
it provides strong evidence that incorporating realistic cross-sectional morphology improves the consistency
and interpretability of fatigue life data across multiple studies.

The recalculation procedure involves two steps. First, the original stress values are reversedite obtain the applied
bending moment for each data point. This is done by reconstructing the section modulus based on the method
originally used (e.g., Equation 2 for M1) and applying Equation 1 using the specimen geometry. Then, the
moment is used to recalculate using the section modulus of the new method: Equation 6 for M2; Equation 8 for
M3, and Equation 24 for M4. These corrected stress values, which reflect a_more realistic cross-sectional

geometry, are then used to reconstruct the corresponding S—N curves. ~

Figure 14 shows a set of S—N curves obtained from the experimental studies by Bermudo Gamboa et al. [24]
and Parast et al. [35] on horizontally printed PLA specimens, with the printing parameters summarized in Table
3. In both cases, the original analysis was based on the M1 (ISO) method; which assumes a fully solid circular
cross-section and does not account for the internal infill pattern or the outer shell. This leads to an

underestimation of the stress for a given load, and thus to an overestimation of the fatigue life.

Print. Orig. New  Diameter  Infill Shell Thick.

Mat. hir Meth. ‘Meth. | [mm] [%] [mm]
Bermudo et al. [24] FR PLA Hor. Ml M4 6 50 1.6
Parast et al. [35] PLA Hor. M1 M4 6 75 1.5
Azadi et al. [23] PLA Vert, MI M4 6 50 0.8
Azadi et al. [23] PLA Vert. MI M3 6 50 0.8
This study PLA Hor. - M4 9 25-100 0.8

Table 3. Summary of data of the differentrotating bending fatigue specimens analyzed in this section, and the original

and proposed method for calculation of section modulus.

50 . . = 50 . . .
. Method: Method:
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Figure 14. Reinterpretation of fatigue life data using different methods for calculation of the section modulus. (a) Fatigue
results for carbon fiber-reinforced PLA from Bermudo et al. [24] and (b) fatigue life results for PLA from Parast et al.

[35]. The results correspond to specimens printed horizontally.

When the same experimental data are reprocessed using geometry-based methods accounting for shell'and infill
structure, the estimated stress increases due to the reduced effective section of the printed specimens:In this
case, since the specimens were printed horizontally, the most appropriate method is M4»(AGB), which
incorporates both the shell and core morphology. This leads to a more realistic estimation of the number of
cycles to failure for a given applied stress. As shown in Figure 14, the M1 (ISO) method underestimates, the
stress amplitude S,,,,, While the M4 (AGB) method—by capturing the actual cross-sectional geometry—

predicts a larger number of cycles.

Notably, the curves corresponding to M1 (ISO) and M3 (DC) are relatively close.ln vertically printed specimens
with a particularly thick outer shell or high infill density, the difference between both methods may become
negligible, and M1 may yield similar predictions to M3 or even M4.

To further generalize the observations, Figure 15 presents the reinterpretation of fatigue data from an additional
source: Azadi et al. [25], who tested PLA specimens manufactured by FFF in both horizontal and vertical
orientations (see Table 3). In both cases, the original S..x values were obtained using a methodology consistent
with Method 1 (ISO). These values have now been recalculated using all four methods, M1 through M4,
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40 T T T 40 . T T T
Method: Method:
N e M1 (ISO) ......... M1 ([SO)
N e LY 1= S R o M2 (IB)
30 - — — M3 (DC) 30 — — M3(DC)
N —— M4 (AGM) —— M4 (AGM)
‘= P1 Azadi et al. [25] o Azadi et al. [25]
% 20 o % 20 +
w ' “\‘ wn
F2UB%— NN RN
10 r LN N . 10 .
0 . +212% ——» 0 . . .
1000 10000 100000 1000000 10000000 1000 10000 100000 1000000 10000000
N (Cycles) N N (Cycles)
(@) (b)

Figure 15. Rotating bending.fatigue results obtained from Azadi et al. [25] for PLA printed by FFF (a) horizontally and
(b) vertically, respectively.

As shown in Figure 455 the original curves presented in both studies move upward when the stress values are
recalculated with the proposed methods. An upward shift of the curve indicates a longer fatigue life. Among the
methods, Method 2 (IB)—which neglects the shell contribution—predicts the longest fatigue life due to the
highest estimated stresses. This is followed by Method 4 (AGB), which accounts for the actual shell-infill
geometry typical of horizontally printed parts, and finally by Method 3 (DC), which assumes a simplified shell

with uniform ring shape.

As previously discussed, the most appropriate method depends on the build orientation of the specimen. For
horizontally printed parts, the M4 (AGB) method provides the best representation of the actual cross-sectional
geometry. Figure 15a illustrates the difference in predicted number of cycles between the original curve from
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Azadi et al. [25] and the recalculated curve using M4. For two representative points on the curve, the revised

prediction shows an increase in fatigue life of over 200% compared to the original estimation.

Figure 15b shows the application of the same methods to the vertically printed specimens. In this case; the most
appropriate method is M3 (DC), as it more closely matches the typical shell configuration observed in vertically
printed specimens. Here too, the corrected curve indicates an increase in predicted fatigue life relativeto the

original.

To summarize these results, Table 4 compares the original curves with those obtained using the.most approepriate
method for each configuration. It includes the absolute and relative increase in the number of cyeles at both
ends of the curve, as illustrated in Figure 15a. Even in the most conservative case, the aumberof cycles increases
by 39%, reaching up to 212% in the case of horizontally printed PLA from Azadi et al. [25]:

Sf -M1 Sf - M4 AN-P1 AN-P2 AN-P1 AN-P2

[MPa] [MPa] [Cycles] [Cycles] [%] [%]
Bermudo et al. [24] 212.5 238.46  -0.230 14800 383100 .48 (+) 62 (+)
Parast et al. [35] 186.0 198.6  -0.192 4100 1766200 » 41 (+) 39 ()
Azadi et al. [25] Hor. 321.27 44721 -0.285  21800m,. 1077400 218 (+) 212 (+)
Azadi et al. [25] Vert. 180.3 210.7  -0.288 7200 706300 72 (+) 80 (+)

Table 4. Rotating bending fatigue data from previous studies and«cotresponding recalculated values obtained using the
proposed methods for estimating the maximum stress amplitude. The last.r@w corresponds to vertically printed PLA
specimens. The S-N data were fitted using S = Sf N b where Sis(the fatigue strength coefficient and b is the fatigue

exponent.

These results highlight the importance of selecting a stress estimation method that accurately reflects the actual
cross-sectional geometry of the specimens. This is particularly critical in FFF-manufactured parts, where the
internal structure can be configured with different infill patterns and shell thicknesses. The analysis presented
in this study has emphasized the differences between the available methods and identified the most suitable
approach for each case: Method 3 (DC)for vertically printed specimens, and Method 4 (AGB) for horizontally

printed ones.
6.2. Estimation of fatigue life varying the infill density

S—N curves in rotating bending fatigue are typically obtained by performing tests under different stress levels.
Each point on the curve corresponds to a different applied bending moment. However, as proposed in this study,
it is also possible to vary'the stress amplitude S, 4, by changing the cross-sectional properties of the specimen.
While this approach is‘uncommon in metals, it becomes feasible in FFF-manufactured parts by modifying the
infill density or shell thickness=This feature enables an alternative method for constructing fatigue life curves:

varying the section geometry while applying a constant external load.

This section presents an alternative approach for estimating fatigue life in rotating bending, based on varying
the infill percentage. Horizontally printed PLA specimens were tested under constant loading conditions, as
described in Section 5. Two different infill types—honeycomb and grid—were used to evaluate the influence

of internal geometry on fatigue performance. The full set of manufacturing parameters is detailed in Table 1.

Figure 16 shows the S—N curves obtained for both infill types, generated by applying a single load level while

varying thepinfill percentage. It represents the discrete cycles-to-failure data for each condition (grid and
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honeycomb), which constitute the basis for the fitted S—N curves; quantitative scatter of replicate tests is
reported in the corresponding load or bending moment versus cycles to failure plots provided in the referenced

studies.

Although all other printing parameters were kept constant, the infill pattern was found to significantly affect
fatigue life. In this case, honeycomb structures exhibited lower resistance to rotating bending fatigue than grid
infill. This difference may be attributed to the distinct stress concentration associated with eachypattern. Grid
structures provide more continuous and orthogonal paths for load transmission, which may. improve stiffness
and delay crack initiation. In contrast, honeycomb patterns, despite offering high isotropic stiffness under static
loads, can introduce local stress concentrations at the nodal junctions and curved struts, which may accelerate
fatigue damage under cyclic bending. Further investigation would be required to isolate theymicrostructural
mechanisms responsible for this behavior. However, the difference between the two,patterns is notably smaller
in the low-cycle region (e.g., around N = 10* cycles), showing that at highet load levels; the dominant factor

influencing fatigue life appears to be the infill density rather than the infill pattetn itself.

25 .

Method M4 (IGB):
Grid

—— Honeycomb

S [MPa]

0 Il
10000 100000 1000000
N (Cycles)

Figure 16. Rotating bending fatigue life (S—N) curves for PLA specimens manufactured by FFF using two
different infill patterns (grid and heneycomb). Curves were generated by varying the infill density under
constant applied load.

6.3. Geometry-Independent Stress Estimation

Components produced by fused filament fabrication (FFF) exhibit fatigue performance that is highly sensitive
to printing parameters, making,fatigue life strongly dependent on manufacturing conditions. As a result, FFF
specimens typically show large variability in fatigue behavior, with broad statistical scatter even under
controlled testing. Small differences in filament deposition, interlayer bonding, or geometric irregularities can
significantly affect erack initiation and propagation, leading to inconsistent fatigue lives among nominally

identical samples.

Despite this complexity;-achieving a geometry-independent characterization of fatigue behavior remains a
desirable goal—particularly if fatigue life data obtained from test specimens are to be extrapolated to real parts.
This is only'possible if the stress used in fatigue life estimation reflects the actual load-bearing geometry of the
section. Methods such as M3 (DC) and M4 (AGB), which account for the true shell-core structure of printed
sections, allow for obtaining S—N curves that are less dependent on specimen geometry.
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To explore this, previously published fatigue data for polylactic acid (PLA) were reprocessed using the proposed
methods. The original curves, calculated using the ISO 1143 formulation (M1), are shown in Figure 17a. These
data were recalculated using M3 or M4—depending on the printing orientation—to obtain updated stress values,
leading to corrected S—N curves shown in Figure 17b. In addition, new data obtained in this study for grid and

honeycomb infill patterns under constant loading are included in the comparison.
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Figure 17. Rotating bending fatigue S—N curves for PLA fromdifferent studies, obtained using (a) the ISO 1143
standard and (b) the method that best represents'the actual cross-sectional geometry.

As shown in Section 6.1, geometry-aware section properties increase the estimated stress for a given load, which

affects the location of the S—N curves. Ideally, if all'otherparameters were held constant, fatigue curves from

different studies should align closely. However, even after correcting for geometric differences, Figure 17 still

reveals noticeable discrepancies between the literatureidata and the results obtained in this study. To complement

this geometry-based comparison, representative fracture-surface observations are shown in Figure 18 to support

the assumed critical region in horizontally printed specimens.

Figure 18 presents the fracture surface of a horizontally printed specimen manufactured with 80% infill,
including an optical image and an SEM micrograph of the same section. In the optical image, classical metallic
fatigue beach marks are not clearly distinguishable because the layer-by-layer morphology inherent to FFF tends
to mask concentric propagation features. Nevertheless, the upper third of the section exhibits a comparatively
brighter and smoother region;, consistent with crack initiation and early stable propagation, whereas the
remaining surface appears'more irregular. A darker feature near the lower edge is associated with the final fast
fracture. This interpretation is clearer in the SEM image, where a relatively smooth region is observed at the top
of the section followed by amarkedly rougher morphology at the bottom, characteristic of the final catastrophic

rupture.
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(a) (®)

Figure 18. Fracture surface of a horizontally printed PLA specimen tested under rotating bending fatigue (80% infill): (a)
optical image of the section; (b) SEM image of the same section.

(¢) 2 shells, 0.3 mm layer height, 50% infill (d) crack initiation and early propagation region located at the minimum

shell thickness zone for a specimen horizontally printed with'100% infill.

Nevertheless, although all data refer to PLA, the FFF process inyolves many printing parameters that influence
fatigue performance. The remaining differences likely reflect yariability in those parameters. In fact, the new
results show that the type of infill alone—regardless of density orlload—has a measurable influence on fatigue
life, as seen in the separation between the grid and honeycomb curves. Therefore, while applying geometry-
based stress estimation methods represents a‘significant step toward a more universal fatigue characterization
of FFF materials, further investigation is needed, to understand and control the effects of other processing

parameters.

In this context, the agreement between corrected curves may be influenced by uncertainties in the effective load
transfer between shell and infill, interlayer bonding quality, and the effective stiffness contribution of the infill,
which can vary with defects, porosity,sand. process-induced variability. In addition, the infill architecture
produces a directional (anisotropic) core response, so changes in pattern and density may introduce scatter that
is not captured by section<property. estimation alone. The degree of shell-infill bonding is also expected to
depend on the characteristic length scale of the pattern (and thus on f;), since finer patterns increase interfacial

contact area and may promote more efficient load transfer than coarser patterns.

These considerations.are particularly relevant for Methods 2—4, where the infill contribution is scaled using the
infill factor f;. This proportional'scaling is an approximation, because the infill is not distributed uniformly over
the cross-section but:.concentrated along the pattern paths. As a result, at low f; the load-bearing contribution of
the core may/produce more scatter, whereas the approximation is expected to improve as infill density increases
and the characteristic feature size decreases. Moreover, different infill patterns can exhibit different effective
stiffness and anisotropy; therefore, for a given f;, grid and honeycomb infill may not contribute equally to the
bending response. Further work should quantify these effects by linking geometry-aware section reconstruction

with independent characterization of effective infill stiffness and shell-infill bonding.
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Although this study focuses on PLA and cylindrical specimens, the underlying methodology does not depend
on the material in the sense that stress estimation follows from the section properties. Therefore, the AGB
framework could be extended to other thermoplastics (e.g., ABS, PETG) and to fiber-reinforced filaments,
provided that the effective contribution of the core and the shell-infill load transfer are re-evaluatedifor the
corresponding material system and printing conditions. Extension to non-cylindrical cross-séctions,is also
feasible by applying the same principle at the expected critical section and computing sectionsproperties with
respect to the actual bending direction; in many practical cases this may require numerical section integration

or finite element modeling when a closed-form expression is not available.

Finally, in terms of practical applicability beyond standard cylindrical specimens, the same principle can be
extended to real parts by evaluating the section properties of the actual load-bearing cross-seetion where the
maximum stress is expected and computing the outer-fiber bending stress with respect to the loading direction.
For irregular or non-circular printed sections, obtaining the moment of inertia may notlead to a simple closed-
form expression; in such cases, numerical integration of a cross-section or finite clement analysis can be used

to estimate the section properties and the resulting maximum stress.
7. Conclusions

This study shows that applying ISO 1143:2010 to FFF-printed polymer components using a fully solid circular
cross-section can bias the stress level inferred from rotating bending fatigue tests, since the effective stiffness
depends on the shell-infill morphology and its deviations fom an ideal gylinder. Assuming that FFF specimens
have fully solid sections underestimates the maximum stress and may therefore overestimate fatigue life. By
introducing and comparing analytical approaches withnincreasing geometric fidelity, this study demonstrates
that a geometry-aware estimation of section properties, yields more consistent stress values and improves the
comparability of S—N curves across different FEE configurations. Particularly, the Method 4 (AGB) formulation
is suitable for horizontally printed cylinders whete shell ovalization and non-uniform thickness become critical.
From the experimental campaign on PLA, the resultsralso indicate a clear influence of internal morphology,

with grid infill providing longer fatigue lives.than honeycomb under identical conditions.

From a practical standpoint, the proposed framework can be used to select an appropriate level of geometric
detail depending on printing orientation andmorphology. Method 1 (ISO) is appropriate only when the specimen
is effectively solid. Methods 2 and 3 provide simplified geometry-aware estimates and are most suitable when
the cross-section has approximately uniform shell thickness (typically in vertically printed cylinders), with
Method 3 preferred when the shell contribution is explicitly considered. Method 4 (AGB) is recommended for
horizontally printed cylinders, where ovalization and non-uniform shell thickness govern the critical section and
the resulting maximum stress. Obtaining higher geometric fidelity requires additional inputs, such as a more
detailed characterization of the printed cross-section, which may not always be available for complex parts.
When such information is available, the same principle can be extended to real parts by evaluating the section
properties at the expected:critical cross-section and computing the maximum outer-fiber stress with respect to
the actual loading direction. For non-cylindrical or irregular sections, this evaluation may require numerical

section integration.or finite element modeling.

The main limitations of the present analytical approaches arise from the simplified representation of infill
effectiveness and from the variability inherent to FFF processes. These factors may affect the effective stiffness
of thershell-infill system and the identification of the critical section. In addition, simplified approaches that
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neglect the shell may lead to conservative stress estimates, since the outer contours often carry a significant
fraction of the bending load. Future work will focus on extending the methodology to more complex geometries
and different material systems. It will also investigate how process-related factors, such as interlayersadhesion

and printing defects, affect fatigue performance.
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