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A B S T R A C T

Fused Filament Fabrication (FFF) components exhibit pronounced mechanical anisotropy because filaments are 
deposited layer by layer along prescribed paths. This anisotropy becomes especially critical in components 
containing holes, where geometric stress concentration and interruption of load-oriented filaments coexist. This 
work proposes a geometry-driven hole-aware adaptive infill strategy that aligns deposition paths with the tensile 
load direction while locally deviating them to preserve path continuity around the hole. Infill lines are treated as 
virtual structural fibres, thereby reducing path interruption in the most critical region.

A purely geometric algorithm based only on slicing information and load direction was developed without 
preliminary numerical simulations. The strategy was experimentally validated through tensile tests on polymeric 
FFF specimens with central holes of different sizes and shapes and compared with conventional slicer-generated 
infills. Relative to the best conventional baseline, the adaptive infill increased ultimate tensile strength by 
12–20% and strain at maximum load by 19–35%, while elastic modulus changed only moderately (1–3%). 
Absorbed energy and specific strength were also enhanced.

Digital Image Correlation showed a modified fracture mechanism, with delayed crack propagation from the 
hole due to the locally reinforced path arrangement. The results demonstrate that hole-aware, load-aligned path 
continuity can improve the mechanical performance of FFF components through a slicing-compatible workflow 
without increasing material usage or requiring simulation-driven planning.
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1. Introduction

Components manufactured by Material Extrusion (MEX), and in 
particular by Fused Filament Fabrication (FFF), exhibit a pronounced 
anisotropy that arises from the intrinsic nature of the process, which 
relies on filament deposition along predefined toolpaths and on the 
superposition of discrete layers. This characteristic leads to a strong 
dependence of mechanical properties on the deposition direction [1], 
introducing significant challenges when the component is subjected to 
structural loads [2].

Two main strategies have emerged in the literature to address this 
limitation. The first approach aims at reducing anisotropy, seeking to 
achieve a mechanical behaviour as close as possible to isotropic and to 
approximate the performance attainable through conventional 
manufacturing processes [3]. The second approach, which is adopted in 
the present work, instead exploits the intrinsic anisotropy [4] of the 
process to enhance performance along the load direction, achieving 
benefits that are difficult to replicate with other manufacturing 
technologies.

In an FFF component, three main features can be identified as con
tributors to structural strength: infill, perimeters, and top/bottom layers 
[5]. Several studies have demonstrated that each of these features plays 
a relevant role in the overall mechanical behaviour of the component 
[6,7].

Croccolo et al. [8] highlighted the structural importance of perime
ters, showing that an increase in their number leads to a significant 
improvement in mechanical performance. This effect is attributable to 
the fact that filaments oriented parallel to the load direction operate 
under particularly favourable conditions [9]. Consistent results have 
been confirmed by other experimental investigations reported in the 
literature [10,11].

A similar behaviour has been observed for top/bottom layers [12], 
for which both analytical analyses and experimental studies have 
demonstrated the influence of deposition angle and layer count on 
component stiffness and strength.

Infill, however, represents the most influential feature, as it consti
tutes the majority of the component volume. Parameters such as density, 
pattern, and deposition angle [13] play a decisive role in determining 
the global mechanical response [5,14]. Numerous studies have focused 
on identifying optimal combinations of these parameters in order to 
maximize the strength-to-weight ratio, one of the primary advantages of 
FFF-manufactured components [10,15]. Samykano et al. [16,17] and 
Rodríguez-Panes et al. [18] identified optimal configurations among the 
patterns and densities available in mainstream conventional slicers.

Other works have analysed a broader set of printing parameters 
using Design of Experiments (DOE) approaches [19] or systematic 
experimental campaigns [20], with the aim of identifying the most 
effective trade-offs for performance maximization [21]. More recently, 
machine-learning-based methods [14,22] have been proposed to predict 
optimal configurations, significantly reducing the number of required 
experimental tests. Some studies have instead focused on reducing in
ternal voids to increase strength [23], a strategy also adopted at the 
industrial level, for example in the Stratasys patent based on brick-layer 
deposition [24].

When optimization of standard parameters is no longer sufficient, it 
becomes necessary to design advanced infill patterns [25]. Continuous 
sparse infill frameworks have also been proposed to guarantee unin
terrupted toolpaths over geometrically complex interior domains, 
thereby reducing crossovers and stop–start defects [26,27]. In this di
rection, variable-density infills [28], including gradient distributions 
[29] or sandwich architectures [15,30], have been proposed, as well as 
combinations of different patterns along the build direction, as 
demonstrated by Aboelella et al. [31], with the aim of reinforcing crit
ical regions induced by geometry or loading conditions. Related work 
has shown that globally continuous hybrid paths can connect contour 
and zigzag segments into a single printable trajectory, improving 

continuity even in domains with holes and complex inner boundaries 
[32,33].

Even more complex patterns include bio-inspired or organic struc
tures [34,35], lattice structures [36], and architectures obtained 
through topology optimization [37], which enable performance levels 
beyond those achievable through traditional parameter optimization 
alone.

Finally, some authors have proposed strategies based on stress maps 
[38,39]. These typically involve analysing principal stress directions 
[40,41] obtained from numerical simulations [42,43], which are then 
exploited to define optimized deposition paths [44]. Although effective, 
such approaches require a complex and computationally expensive nu
merical simulation phase, which is justifiable only for highly specialized 
applications.

Recent developments show that the design of deposition trajectories 
is increasingly treated as a structural problem rather than as a simple 
selection among conventional infill presets. In polymeric material 
extrusion, optimized or field-oriented toolpaths have been proposed to 
improve load transfer through path organisation, including optimized 
material-extrusion planning [38], principal-stress-direction-aware 
streamlined paths [40], stress-driven infill mapping [42], load- 
dependent path planning [43], and non-planar alignment of extrusion 
with stress vectors [44]. These studies demonstrate the mechanical po
tential of path design, but they generally rely on stress-field evaluation, 
optimization loops, or non-standard planning frameworks, thus limiting 
their direct transfer to routine polymer-only FFF practice [45].

A second aspect, directly relevant to the present work, concerns the 
stress concentration generated by holes and the way in which this in
teracts with filament interruption in FFF components. The stress distri
bution in a holed plate under tensile loading was first analysed by Kirsch 
(1898) and subsequently extended to finite plates and non-circular ge
ometries. These classical solutions describe stress concentration as a 
purely geometric effect under the assumption of a mechanically 
continuous material [46].

In FFF-manufactured components, a hole similarly induces a stress 
peak at the geometric discontinuity [47,48]. However, the classical 
description becomes insufficient because the material continuity 
implicitly assumed in analytical and numerical solutions is not pre
served at the filament level [49]. In conventional slicing strategies, 
deposition lines are interrupted whenever a perimeter is encountered; 
consequently, load-oriented filaments are systematically terminated at 
the hole boundary [50,51].

This interruption of filaments represents a fundamental departure 
from the continuum assumption and plays a critical role in the me
chanical response of FFF components [52,53]. The stress concentration 
is therefore not only governed by geometry, but is effectively amplified 
by the loss of filament continuity [54,55] precisely in the region of 
maximum stress. As a result, damage initiation and fracture [56,57] are 
promoted at the hole boundary [58] beyond what would be expected 
from geometric considerations alone.

Against this background, the studies most closely related to the 
present problem can be broadly grouped into two families. The first 
comprises toolpath-planning methods for material extrusion and FFF in 
which deposition paths are aligned with mechanically relevant di
rections or optimized fields [38,40,59–61]. The second comprises open- 
hole or discontinuity-aware strategies developed mainly for continuous- 
fibre systems, where fibre steering, continuous path generation, and 
simulation-assisted design are used to preserve load transfer around 
holes [62–67]. Table 1 summarizes the most relevant studies with 
respect to the present contribution.

From the standpoint of standard polymer-only FFF, a specific gap 
remains. A practical strategy is still missing for generating load-aligned 
infill around internal discontinuities using only slicing information and 
nominal load direction, without preliminary numerical simulations, 
without continuous-fibre hardware, and without substantial changes to 
conventional slicing workflows. This gap is particularly relevant for 
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holed tensile members, where geometric stress concentration and 
interruption of load-oriented filaments coexist and can jointly promote 
early damage initiation.

The objective of this work is therefore to demonstrate that key load- 
dependent path-planning concepts, namely deposition-path continuity 
and alignment with the main load direction, can be transferred to purely 
polymeric FFF infill through a geometry-driven algorithm. The proposed 
method locally deviates the infill trajectories around holes while pre
serving their global alignment with the tensile load direction.

Compared with the current state of the art, the contribution of the 
present work is fourfold. First, a purely geometric adaptive infill algo
rithm is introduced, requiring only slicing information and the pre
scribed load direction. Second, the strategy is implemented in a slicing- 
compatible workflow that modifies only the infill while leaving perim
eters and top/bottom layers unchanged. Third, its mechanical effect is 
systematically assessed on holed tensile specimens by varying both hole 
size and hole geometry. Fourth, Digital Image Correlation is used to 
interpret the resulting strain redistribution and fracture-path modifica
tion relative to conventional slicer-generated infills.

Experimental validation focuses on planar specimens with a central 
hole, which provide a controlled benchmark for isolating the role of path 
continuity in the vicinity of stress concentrators. The mechanical 
behaviour obtained with the proposed adaptive infill is compared with 
that of conventional infills generated by a standard slicer.

2. Materials and methods

2.1. Adaptive infill: Geometrical strategy

The deposition strategy proposed in this work is inspired by the 
natural organisation of fibres in wood, particularly in the vicinity of 
knots. In these regions, which are characterised by high stress concen
trations, fibres are not interrupted but gradually deviate their paths in 
order to bypass the defect, thereby preserving the structural continuity 
of the material. Moreover, the fibre paths extend across the entire 
component along the load application direction without interruptions, 
as far as permitted by the geometry, undergoing only local deviations. 
This biomimetic principle represents an effective model for defining the 
infill of FFF components containing holes or internal cavities.

In conventional slicing software, the standard aligned rectilinear 
infill, typically oriented along the main load direction, generates tool
paths that are interrupted whenever a perimeter is encountered, without 
distinction. Within a single layer, an internal perimeter is geometrically 
equivalent to a hole of arbitrary shape; consequently, standard infill 

produces lines that terminate directly at the hole boundary. Since, ac
cording to solid mechanics, stress peaks are concentrated precisely along 
this boundary, the interruption of deposition lines further amplifies the 
structural criticality.

The proposed strategy instead introduces an adaptive infill, in which 
deposition lines are locally deviated to follow the component geometry 
and bypass holes. This approach allows a significantly larger number of 
deposited lines, interpretable as actual structural fibres, to traverse the 
component continuously, thereby reducing the number of toolpaths that 
terminate at the hole surface.

The bypassing of the hole achieved by the adaptive infill, also 
referred to as tree-style infill, enables the creation of a more extensive 
network of continuous fibres compared to conventional deposition, 
improving the component's ability to transfer load without triggering 
localised weak points. As schematically illustrated in Fig. 1, this bio
mimetic behaviour produces a material flow that is more consistent with 
the stress distribution, potentially resulting in an enhanced mechanical 
response.

The same geometric construction logic may in principle be extended 
beyond the hole geometries investigated in this work. In particular, local 
deviation of deposition lines may also be applied to other internal or 
boundary features, provided that sufficient geometric space is available 
for path construction. In the present study, however, the experimental 
validation is intentionally restricted to components with central holes, 
which offer a controlled benchmark for isolating the effect of path 
continuity in the vicinity of a stress concentrator.

2.2. Algorithm workflow

The algorithm for generating the deposition toolpaths was developed 
in Python, chosen both for its widespread adoption and for the avail
ability of numerous open-source libraries that facilitate implementation. 
In particular, the workflow relies on standard numerical and plotting 
libraries (NumPy, Matplotlib, math) and a graphical interface toolkit 
(PyQt5), combined with the FullControl library for toolpath handling 
and with command-line invocation of the PrusaSlicer engine for the 
initial slicing stage. The algorithm was integrated into a complete soft
ware framework, also developed in Python, which provides an intuitive 
interface accessible even to non-expert users. This integration allows the 
application to automatically exploit information derived from previous 
slicing stages, as well as other user-defined parameters.

The proposed strategy generates only the infill using the adaptive 
methodology described herein, while all other features (perimeters, top/ 
bottom layers, supports, etc.) are retained as produced by a conventional 

Table 1 
Positioning of the present work with respect to recent path-planning and discontinuity-aware deposition studies relevant to FFF and material extrusion.

Reference Process / material system Main planning principle Treatment of holes / discontinuities Main limitation with respect to the 
present work

Xia et al. [59] Polymeric FFF Stress-based tool-path planning Load-aligned path generation Requires preliminary stress analysis
Zhang et al. 

[60]
Polymeric FFF Partition of principal stress field for 

toolpath generation
Field-guided path organisation Requires principal-stress-field evaluation

Kubalak et al. 
[38]

Material extrusion Optimized toolpath planning Orientation/trajectory 
optimization

Not formulated as a simple geometry- 
only hole-bypass strategy

Yan et al. [40] Polymeric FFF Principal-stress-direction-aware 
streamlined paths

Feature-aware streamlined path 
planning

Requires stress-field information

Schiele et al. 
[61]

FFF Biomechanical optimization of printing 
paths

Optimization applied to perforated 
tensile cases

Optimization-driven rather than slicing- 
only

Zhang et al. 
[62]

3D-printed open-hole 
composites

Fibre placement along the load flow Explicit open-hole reinforcement Composite-specific material system

Wang et al. 
[63]

Continuous fibre reinforced 
thermoplastic composites

Path planning driven by geometric 
features and tensile properties

Explicit discontinuity-aware 
continuous paths

Requires continuous-fibre process and 
dedicated planning framework

Stelmaszek et al. 
[64]

Continuous-fibre filament AM Automated path generation for parts with 
holes

Explicit hole-aware path 
generation

Requires continuous-fibre hardware/ 
process

Hou et al. [65] Curvilinear fibre-reinforced 
composites

FEA-based curvilinear path design Hole bypassing through 
simulation-guided deposition

Composite-based and simulation-driven

Present work Polymeric FFF Purely geometric adaptive infill based on 
slicing information and load direction

Explicit local deviation around 
holes with global load alignment

No preliminary simulation; compatible 
with standard slicing/G-code workflows
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slicing software. The initial slicing stage is therefore performed using a 
standard slicer, specifically Prusa Slicer [68], which generates a com
plete G-code file according to the selected parameters. The G-code is 
then parsed and interpreted to extract the various features and their 
defining points, with the aim of identifying, for each layer, the regions to 
be modified.

2.2.1. Step 1 — Infill area extraction
The infill and perimeter points are first read from the G-code. Infill 

points located far from the perimeter are discarded, retaining only those 
in proximity to internal surfaces. This procedure enables the identifi
cation of the outer rings and inner rings that delimit the infill region to 
be generated (Fig. 2).

Fig. 1. Comparison between infill strategies: (a) infill line arrangement generated by a conventional slicer using an aligned rectilinear pattern; (b) infill line 
arrangement generated using the proposed adaptive tree-style infill strategy.

Fig. 2. Plot of one layer in a generic component with a hole. The outer and inner perimeters are shown together with the infill points located in their proximity. 
These points are subsequently connected to identify closed rings defining the infill domain.

A. Montalti et al.                                                                                                                                                                                                                                Journal of Manufacturing Processes 173 (2026) 799–816 

802 



2.2.2. Step 2 — Counting intersections on scanlines
Scanlines are then generated at a constant spacing, where the spacing 

depends on the infill density as defined by: 

scanline step distance =
line width

infill density
(1) 

The scanlines act as construction lines and enable indexed handling 
of the infill lines throughout all subsequent stages of the algorithm.

For each scanline, the number of intersections with the outer and 
inner rings is computed. This number is used to classify the scanline 
behaviour. The classification rules, illustrated in Fig. 3, are as follows: 

• 0 intersections: the scanline does not intersect any ring → discarded.
• 1 intersection: degenerate case → treated as the lower even case (0 

intersections).
• 2 intersections: the scanline crosses the infill region → points be

tween intersections 1 and 2 are retained.
• 3 intersections: scanline with one crossing and one isolated inter

section → treated as the 2-intersection case.
• 4 intersections: the scanline enters and exits the infill region twice → 

a decision is required on whether to deviate or interrupt the line 
between intersections 2–3.

• 5 intersections: analogous to the 4-intersection case, with an addi
tional isolated intersection → treated as the 4-intersection case.

• 6 intersections: two complete crossings of the infill region (in
tersections 1–2, 3–4, 5–6) → deviation will again be evaluated at a 
later stage.

The process continues analogously for an increasing number of 
intersections.

2.2.3. Step 3 — Definition of bypass splines
For scanlines exhibiting four intersections (or equivalent cases), the 

number of lines that can be deviated around the hole is determined 
dynamically for each layer and for each hole geometry. The criterion is 
purely geometric and is based on the available space between the outer 
ring and the inner ring, measured orthogonally to the scanline direction. 
The minimum distance dmin between the two rings defines a local 
packing constraint: given the prescribed line width and infill density, 
only a finite number of scanlines can be accommodated without overlap. 
The cumulative occupied width of non-deviable scanlines is computed 
as: 

dscan = nscanline*line width (2) 

and the remaining available distance is then calculated as: 

davailable = dmin − dscan (3) 

represents the maximum admissible region for bypassing. This 
formulation explicitly limits the local packing density of the deviated 
lines and prevents material overcrowding in the vicinity of the hole. 
Scanlines exceeding this geometric constraint are therefore classified as 
non-deviable and are terminated at the inner ring.

2.2.4. Step 4 — Generation of deviated lines
Among the scanlines identified as deviable, the two closest to the 

inner ring, one on each side of the hole, are selected first. For these 
scanlines, a bypass spline is generated between intersections 2 and 3, 
following the profile of the inner ring, as shown in Fig. 4, in order to 
ensure continuity of the deposition path. Subsequent scanlines are 
deviated by applying an outward offset of the inner ring profile with a 
distance equal to the line width. This construction maintains a constant 
spacing between adjacent splines and ensures that the local distance 
between neighbouring deposition paths remains compatible with the 
nominal extrusion width, preventing material overlap in regions of high 
curvature. The bypass splines are connected to their respective scanlines 
through tangential fillets, whose radius is constrained to be greater than 
or equal to the minimum radius of the innermost spline, ensuring geo
metric regularity and manufacturability. When local geometric condi
tions do not allow the generation of a curved fillet, the algorithm 
automatically introduces a straight connecting segment that preserves 
path continuity and spacing constraints.

2.2.5. Step 5 — Generation of the remaining infill lines
The remaining lines are divided into two categories: 

• Non-deviable lines: scanlines that cannot be deviated and therefore 
terminate on the inner ring are constructed by drawing segments 
between intersections 1–2 and 3–4 (drawn in red in Fig. 5a).

• Lines not intersecting the inner ring: these are generated sequen
tially, from the scanline closest to the inner ring to the farthest, in 
order to comply with the geometry imposed by the already generated 
deviated lines (drawn in purple in Fig. 5a).

Fig. 3. (a) Plot showing vertically oriented scanlines; cross markers indicate the intersection points between scanlines and inner/outer rings. (b) Classification of 
scanlines based on the number of intersections with the rings: scanline with 2 intersections (k2 - green), scanline with 4 intersections (k4 - purple). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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An incremental algorithm constructs these lines by following the 
offset progression while maintaining the spacing within the interval 
defined by the scanline distance and the line width.

2.2.6. Step 6 — Generation of the final polyline and G-code
The toolpaths generated in the previous steps are optimally merged 

to obtain a single, sequential path that explicitly distinguishes between 
extrusion segments and travel movements, and is therefore directly 
suitable for conversion into G-code instructions (Fig. 5b).

The algorithm processes the model on a layer-by-layer basis, starting 
from the first layer and repeating the same sequence of operations until 
the final layer is reached. Upon completion, the G-code corresponding to 
the adaptive infill is seamlessly integrated into the original G-code file 
containing all other unmodified features, resulting in a final file ready 
for export and execution on the printing system.

From a computational standpoint, the algorithm operates sequen
tially on a layer-by-layer and line-by-line basis and is not parallelized in 
its current implementation. As a consequence, the execution time 

depends on several factors, including the component geometry, the 
number and complexity of the internal boundaries, the imposed infill 
density, the resulting number of generated scanlines, and the compu
tational resources of the adopted hardware. Although the present work 
does not aim at providing a benchmark study of execution times, this 
behaviour should be explicitly noted because it directly reflects the 
geometric construction logic of the method.

At the present stage of development, some geometric configurations 
may still challenge the robustness of the algorithm. In particular, critical 
cases include holes or internal boundaries with concave regions, as well 
as holes located very close to the external perimeter of the component. 
In such situations, the local space available for deviation may become 
insufficient or geometrically ambiguous, reducing the reliability of the 
automatic path construction. These cases do not invalidate the proposed 
approach, but define the current boundary of applicability of the 
implementation adopted in this work and indicate a clear direction for 
future algorithmic refinement.

Fig. 4. (a) Generation of the deviation splines (green) and the corresponding offset curves (light blue). (b) Definition of the connections between splines and their 
reference scanlines through tangential fillets and straight segments. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)

Fig. 5. (a) Identification of non-deviable scanlines (red) and scanlines that do not directly intersect the inner ring but still require deviation (purple). (b) Merging of 
all infill segments into a single polyline, distinguishing deposition paths (green) from travel moves (pink dashed line). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)
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2.2.7. Practical implementation on products with complex geometries
Although the experimental validation was intentionally carried out 

on planar tensile specimens with a single central hole, the proposed 
workflow is not intrinsically limited to this geometry. Since the method 
acts at the slicing level, it operates on the two-dimensional contour in
formation available for each layer. A three-dimensional product with a 
complex shape can therefore be treated as a sequence of layer-wise 
planar domains, bounded by external perimeters and, when present, 
by internal boundaries such as holes, slots, cavities, pockets, or other 
functional features.

This layer-wise formulation is particularly suitable for products 
containing through-holes or features whose projected contour evolves 
gradually along the build direction. In these cases, the algorithm adapts 
the deviated paths from layer to layer because the available space be
tween internal and external boundaries is recalculated independently 
for each slice. For components with multiple holes, the same logic can be 
applied to each internal boundary when the corresponding influence 
regions do not overlap. When holes are close to each other or to the 
external perimeter, the packing criterion described in Eqs. (2) and (3)
acts as a manufacturability check: only the scanlines that can be devi
ated without violating the prescribed spacing are modified, whereas the 
remaining lines are generated as non-deviable segments.

For complex industrial parts, the method should therefore be inter
preted as a local reinforcement rule rather than as a global replacement 
of the entire infill. Its most direct application is in regions where the 
nominal load path is known and internal features interrupt load-aligned 
filaments. If several load directions are expected during service, the 
current implementation requires the designer to select the most critical 
direction or to define different reinforced regions for different load 
cases. The method does not automatically solve a multi-load-path 
optimisation problem, nor does it replace finite element analysis when 
the stress state is unknown.

2.3. Specimen geometry

In order to define the specimen geometry, the relevant standards for 
the mechanical characterisation of polymeric materials were examined. 
Since the proposed deposition strategy is specifically designed to opti
mise components containing at least one hole, the classical dog-bone 
geometry prescribed by standard testing methods could not be adop
ted. Such a geometry introduces a necking region between the gripping 

sections and the gauge section, which would lead to a local variation in 
deposition strategy, generating an optimized region not directly related 
to the presence of the hole and thus altering the interpretation of the 
results.

A rectangular geometry was therefore selected, defined in accor
dance with the proportions indicated in ISO 527 [69], in which a cen
trally located hole was introduced. The dimensions were adjusted to 
ensure specific aspect ratios. The plan view and the adopted dimensions 
are reported in Fig. 6.

During the experimental campaign, the size and geometry of the hole 
were varied while all other parameters were kept constant, in order to 
analyse the evolution of the mechanical behaviour as a function of these 
variables.

Geometries that would otherwise feature sharp corners were modi
fied by introducing fillets with a radius of 1 mm at such locations, in 
order to avoid excessive stress concentrations. The load-bearing cross- 
sectional area was nevertheless maintained constant across the different 
hole geometries.

2.4. Specimens 3D printing

To validate the developed algorithm, an initial series of printing 
trials was carried out to verify the correct behaviour of the generated 
toolpaths. Subsequently, the tensile specimens required for experi
mental validation of the proposed deposition strategy were fabricated.

All specimens were printed using a Prusa MK3S printer [68] and 
white Elegoo PLA filament [70]. The printing process was conducted in a 
controlled environment, maintained at a constant temperature of 25 ◦C 
with relative humidity below 30%. Both the filament and the printed 
specimens were stored under dried conditions prior to testing, in order 
to prevent variations in material properties due to moisture absorption.

The tensile specimens were oriented vertically on the build plate and 
centred along the width, as illustrated in Fig. 7a and d. All specimens 
were fabricated using identical printing parameters, except for the infill 
density, infill angle, and infill pattern, which were varied as described to 
investigate their influence on the mechanical behaviour of the 
specimens.

To compare the proposed adaptive infill with conventional slicer- 
generated strategies, three standard infill patterns were selected: 
aligned rectilinear, line, and grid. These patterns were chosen because 
they are commonly available in conventional slicing software and are 

Fig. 6. Dimensioned geometry of the tensile specimen and hole configurations, positioned at the specimen mid-width depending on the hole type. The holes have a 
diameter D, varied in this study over three values: 6, 7.5, and 10 mm.
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among the most mechanically relevant configurations reported in the 
literature for FFF components.

For ease of identification throughout fabrication, testing, and data 
analysis, each specimen configuration was assigned an alphanumeric 
code. The complete list of specimen types and their main characteristics 
is reported in Table 2.

Parameters not directly involved in the analysis were set in accor
dance with values commonly adopted in the literature. In particular, 
four top layers and four bottom layers were used, as the absence of these 
layers may introduce anomalous behaviour under load. The number of 
perimeters was fixed at two, in order to prevent them from becoming the 
dominant load-bearing feature while still providing the necessary 
structural contribution. The line width was set to 0.45 mm for all fea
tures (infill, perimeters, and top/bottom layers), ensuring uniformity in 
deposition and filament dimensions. The main printing parameters are 
summarised in Table 3.

2.5. Experimental test

To validate the proposed deposition strategy, tensile tests were 
performed to evaluate the mechanical behaviour of the printed speci
mens. For each specimen, the principal geometric dimensions relevant 
to characterisation were measured, namely the specimen width, the 
thickness at the hole section, and the diameter (or width) of the hole 
along the load-bearing section. All geometric quantities and the derived 
stress-based parameters reported in this work were calculated using 
these measured dimensions rather than the nominal CAD values. In 
addition, all specimens were weighed to quantify deviations from the 

Fig. 7. Tensile specimen with a 7.5 mm central circular hole and 60% infill density fabricated using a Prusa MK3S printer. The completed print and its placement on 
the build plate are shown in the slicer view (a) and on the printer (d). The printing sequence of the aligned rectilinear P1 specimen is shown in the slicer (b) and on 
the printer (e), while that of the adaptive A5 specimen is shown in the slicer (c) and on the printer (f).

Table 2 
List of specimen configurations and main characteristics.

Name Hole 
shape

Infill type Infill 
angle 
[◦]

Infill 
density 
[%]

Aspect 
ratio

D 
[mm]

A1 Circular Adaptive 0 40 3 10
A2 Circular Adaptive 0 80 3 10
A3 Circular Adaptive 0 60 3 10
A4 Circular Adaptive 0 40 4 7.5
A5 Circular Adaptive 0 60 4 7.5
A6 Circular Adaptive 0 80 4 7.5
A7 Circular Adaptive 0 40 5 6
A8 Circular Adaptive 0 60 5 6
A9 Circular Adaptive 0 80 5 6
P1 Circular Aligned 

rectilinear
0 60 4 7.5

P2 Circular Line 45 60 4 7.5
P3 Circular Grid 45 60 4 7.5
B1 Rhombus Adaptive 0 60 4 7.5
B2 Rhombus Aligned 

rectilinear
0 60 4 7.5

C1 Square Adaptive 0 60 4 7.5
C2 Square Aligned 

rectilinear
0 60 4 7.5

D1 Slotted 
hole

Adaptive 0 60 4 7.5

D2 Slotted 
hole

Aligned 
rectilinear

0 60 4 7.5
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mass estimated by the slicer and to enable weight-normalised perfor
mance evaluation. Measurements were carried out using a digital 
calliper with a resolution of 0.01 mm and a balance with a resolution of 
0.01 g.

Tensile tests were conducted using a Shimadzu AGX-V2 [71] uni
versal testing machine with a 100 kN capacity, equipped with a Shi
madzu SLFL-100 kN load cell and data acquisition via TrapeziumX-V 
software. During testing, displacement and applied force were recorded, 
from which engineering stress and strain values were subsequently 
derived.

All tests were performed at a constant crosshead speed of 1 mm/min, 
with a sampling frequency of 100 Hz. Each specimen was clamped at 
both ends over a length of 25 mm per side, as illustrated in Fig. 8.

To ensure the consistency and repeatability of the experimental re
sults, five identical specimens were tested for each geometric and 
deposition variant. This allowed the variability of the data to be assessed 
and the experimental uncertainties associated with the measurements to 
be quantified.

The calculation of the parameters used in the proposed method is 
defined by the following expressions: 

aspect ratio =
bmean

Dmean
(4) 

σ =
F
A

where A = (bmean − Dmean) • tmean (5) 

εeng =
Δu
L1

(6) 

ρapp =
m

Vspec,mean
(7) 

Sρ =
UTS
ρapp

(8) 

CV =
Standard Deviation

Mean
• 100 (9) 

Table 3 
Printing parameters used for all tested specimens.

Parameters Value Unit

First layer height 0.2 mm
Layer height 0.2 mm
Extrusion width 0.45 mm
Infill anchor 2.5 mm
Infill anchor max 12 mm
Infill angle 0–45 [1] ◦

Infill density 40–60–80 %
Infill overlap 10 %
Skirt distance 2 mm
Skirt height 3 layers
Skirts 2 –
Brim type No –
Bottom fill pattern Monotonic –
Bottom solid layers 4 –
Top fill pattern Monotonic –
Top solid layers 4 –
Perimeters 2 –
Perimeter generator Classic –
First layer speed 20 mm/s
External perimeter speed 25 mm/s
Perimeter speed 45 mm/s
Top solid infill speed 40 mm/s
Infill speed 80 mm/s
Solid infill speed 80 mm/s
Arc fitting No –
Elephant foot compensation 0 mm
Bed temperature 60 ◦C
First layer bed temperature 65 ◦C
First layer temperature 215 ◦C
Printing temperature 210 ◦C
Nozzle diameter 0.4 mm
Min fan speed 50 %
Max fan speed 100 %
Disable fan first layers 1 layers
Full fan speed layer 4 layer

1 The infill angle depends on the pattern used, as reported in Table 2: 0◦ for 
adaptive and aligned rectilinear infill, and 45◦ for line and grid infill.

Fig. 8. (a) Experimental setup prior to tensile testing: the specimen is clamped in the grips, the VIC-3D system is properly positioned, and the scene is uniformly 
illuminated; (b) detail of the specimen surface showing the applied stochastic speckle pattern for DIC analysis.
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In the above expressions, bmean, tmean, and Dmean denote the measured 
specimen width, the measured thickness at the hole section, and the 
measured hole dimension along the load-bearing transverse section, 
respectively. For non-circular holes, Dmean represents the transverse hole 
dimension measured along the section used to define the net load- 
bearing area. Δu denotes the crosshead displacement recorded during 
the tensile test, and the corresponding engineering strain therefore 
represents a global response referred to the initial gauge length L1, 
corresponding to the free specimen length between the grips. The 
apparent density ρapp used for performance normalisation was calcu
lated from the measured specimen mass m and the corresponding 
specimen geometric volume Vspec,mean, consistently accounting for the 
actual tested geometry. The quantity Sρ reported in the following section 
therefore represents a strength-to-density ratio, i.e. a specific-strength 
indicator used to compare configurations on a weight-normalised basis.

The coefficient of variation was calculated to assess the repeatability 
of the measurements as indicated in eq. 9. Pairwise comparisons be
tween adaptive and corresponding aligned rectilinear configurations 
were performed using Welch's two-sample t-test, with a significance 
level of α = 0.05, which does not assume equal variances between 
groups. The test statistic was calculated as: 

t =
x
ˉ
− x

ˉ

̅̅̅̅̅̅̅̅̅̅̅̅̅
s2
1

n1
+

s2
2

n2

√ (10) 

where x
ˉ
and x

ˉ
are the sample means, s1and s2are the sample standard 

deviations, and n1and n2are the numbers of specimens in the two groups.
To evaluate the material behaviour beyond the peak stress, the 

deformation of the region surrounding the hole and the crack formation 
in the printed specimens were analysed. Given the adopted geometry, 
the maximum stress level is localised along the hole boundary; conse
quently, crack initiation inevitably occurs in this region, while crack 
propagation is influenced by the internal structure defined by the 
deposition strategy.

The analysis of deformation and fracture evolution was carried out 
using three-dimensional Digital Image Correlation (3D DIC) with the 
VIC-3D system (Correlated Solutions) [72]. A dual high-resolution 
camera setup was employed, appropriately positioned and calibrated 
to capture the deformation field in the central region of the specimen, in 
the vicinity of the hole.

To ensure accurate acquisition by the VIC-3D system, a speckle 
pattern was applied to the specimen surface in two stages: application of 
a uniform layer of matt white paint; spraying of high-contrast black 
paint to generate a random distribution of fine speckles. This pattern 
enables the DIC system to uniquely identify the monitored surface re
gions, allowing precise evaluation of the localisation, magnitude, and 
evolution of deformations throughout the entire tensile test.

Image acquisition during the tensile tests was performed at a rate of 1 
frame per second. Calibration of the stereo setup was carried out using 
the calibration targets supplied with the VIC-3D system. Among the 
strain components available from the DIC post-processing, the εyy 
component was selected for the present study, as it is aligned with the 
tensile loading direction and was found to provide the most informative 
representation of strain localisation and fracture evolution in the ana
lysed specimens. Unless otherwise stated, the contour maps discussed 
later in Section 3.5 and reported in Fig. 12 refer to the frame corre
sponding to the maximum UTS of each specimen.

After tensile testing, representative fracture regions were inspected 
using a Keyence VHX-7100 optical digital microscope equipped with 
ring-light illumination. The observations were used to compare fracture 
traces, secondary cracks, and damage distribution between adaptive and 
aligned rectilinear infill specimens, complementing the DIC-based fail
ure analysis discussed in Section 3.5.

The experimental investigation initially focused on comparing the 
developed adaptive infill with selected conventional infill patterns, and 

subsequently on analysing the component behaviour as a function of 
specific geometric and process parameters. The main results obtained 
from the tensile tests are summarised in Table 4.

3. Results

3.1. Comparison between adaptive infill and conventional infill patterns

The proposed adaptive infill was compared with the principal infill 
patterns available in conventional slicing software, selected on the basis 
of their mechanical performance as reported in the literature. In 
particular, Aligned Rectilinear, Line, and Grid infills were considered, 
hereafter referred to as P1, P2, and P3, respectively. Based on the 
experimental results, and as shown in Fig. 9, the conventional infill 
exhibiting the best performance is the Aligned Rectilinear pattern, 
whose behaviour most closely approaches that of the adaptive infill.

A comparison of the main parameters derived from the tensile tests 
highlights that the adaptive infill leads to a systematic improvement 
across all the analysed quantities. Specifically, increases are observed in 
ultimate tensile strength (UTS), elastic modulus, engineering strain, and 
absorbed energy with respect to conventional infill patterns.

When comparing the adaptive infill with the Aligned Rectilinear 
pattern, which represents the best compromise among the analysed 
standard infills, an increase in ultimate tensile strength of 18% is 
observed, accompanied by a slight increase in both elastic modulus 
(+4%) and engineering strain at maximum load (+19%). As shown in 
Fig. 9, in addition to the higher peak value, the adaptive infill exhibits a 
significantly larger area under the stress–strain curve than conventional 
infills, indicating a superior energy absorption capability prior to 
fracture.

3.2. Influence of aspect ratio and infill density

The specimens were divided into two main categories. The first 
category focused on specimens with a circular hole, investigating the 
influence of hole size, expressed in terms of aspect ratio, and infill 
density. The second category examined the effect of hole geometry while 
keeping both infill density and aspect ratio constant.

To evaluate the combined influence of aspect ratio and infill density, 
three different aspect ratios and three infill density levels were consid
ered; the corresponding results are summarised in Fig. 10. As shown in 
Fig. 10a, at a fixed aspect ratio, increasing the infill density leads to an 
approximately linear increase in ultimate tensile strength. Conversely, 

Table 4 
Tensile test results for the tested specimen types.

Name UTS [1] [MPa] Strain at UTS 
[1] [%]

Elastic Modulus 
[MPa]

Specific 
strength [kJ/ 
kg]

A1 30.48 ± 0.309 2.54 ± 0.063 1887.69 ± 79.2 38.53 ± 0.52
A2 38.40 ± 0.893 2.53 ± 0.064 2354.15 ± 151.2 35.39 ± 0.84
A3 35.46 ± 0.372 2.60 ± 0.029 2125.36 ± 194.0 37.71 ± 0.44
A4 29.37 ± 0.363 2.74 ± 0.102 1709.18 ± 20.4 36.83 ± 0.49
A5 37.40 ± 0.324 2.92 ± 0.083 2046.68 ± 5.5 38.28 ± 0.38
A6 40.84 ± 0.828 2.84 ± 0.034 2474.90 ± 232.1 36.51 ± 0.79
A7 30.24 ± 0.294 2.96 ± 0.049 1899.97 ± 3.8 38.25 ± 0.55
A8 36.52 ± 0.651 3.17 ± 0.049 1915.01 ± 72.2 37.28 ± 0.74
A9 42.22 ± 0.486 3.09 ± 0.021 2612.91 ± 41.8 38.00 ± 0.58
P1 31.71 ± 0.428 2.45 ± 0.015 1982.26 ± 34.9 33.51 ± 0.47
P2 23.15 ± 0.374 2.81 ± 0.465 1424.15 ± 44.3 24.17 ± 0.39
P3 22.60 ± 0.199 2.36 ± 0.037 1604.46 ± 20.0 23.36 ± 0.23
B1 37.50 ± 0.162 2.77 ± 0.016 2364.72 ± 9.5 39.52 ± 0.34
B2 32.35 ± 0.065 2.24 ± 0.036 2310.81 ± 15.7 34.41 ± 0.19
C1 37.14 ± 0.103 2.81 ± 0.042 2326.51 ± 8.3 38.47 ± 0.17
C2 33.03 ± 0.164 2.25 ± 0.023 2303.10 ± 6.6 34.76 ± 0.36
D1 38.24 ± 0.348 2.77 ± 0.025 2370.22 ± 8.6 39.73 ± 0.38
D2 31.87 ± 0.133 2.04 ± 0.049 2301.63 ± 1.3 34.13 ± 0.20

1 Ultimate Tensile Strength.
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at a fixed density, variation of the aspect ratio results in a differentiated 
behaviour: for infill densities of 40% and 60%, no significant variation in 
ultimate tensile strength is observed, whereas at an infill density of 80% 
a slight increase is recorded with increasing aspect ratio. This behaviour 
can be attributed to the fact that an infill density approaching full solid 
yields a mechanical response closer to that of an ideal homogeneous 
plate, for which the aspect ratio becomes an influential parameter.

Fig. 10b shows that, at a fixed aspect ratio, the engineering strain 
remains approximately constant, whereas at a fixed infill density the 
strain increases with increasing aspect ratio. Finally, Fig. 10c indicates 
that the elastic modulus increases with increasing aspect ratio.

In order to compare specimens characterised by different infill den
sities on a weight-normalised basis, the specific strength Sρ, defined as the 
ratio between ultimate tensile strength and apparent specimen density, 
was used as an additional performance indicator. As specified in Section 
2.5, the apparent density was calculated from the measured specimen 
mass and the corresponding specimen geometry. This parameter, reported 
in Table 4, enables identification of the most efficient infill configuration, 
i.e. the one providing the greatest mechanical benefit at equal weight. The 

most effective configurations are A1, A5, A7, and A9, with values 
exceeding 38 kJ/kg, whereas the least effective configurations are A2 and 
A6. All specimens with conventional infill exhibit values 20–40% lower 
than those of the best-performing adaptive configurations.

3.3. Influence of holes

To investigate the influence of hole geometry on the mechanical 
behaviour of the specimens, the experimental tests were carried out 
while keeping the aspect ratio fixed at 4 and the infill density at 60%, 
thereby isolating the effect of hole geometry alone on the obtained 
results.

Although the holes exhibit different geometries, the width measured 
along the load-bearing transverse section of the specimen was main
tained constant for all configurations, ensuring an equivalent load- 
bearing cross-section. As described in Section 2.3, the analysed geom
etries include circular, square, rhomboidal, and slot-shaped holes.

Comparison of the UTS values for the four geometries shows that the 
adaptive infill consistently leads to a significant improvement in 

Fig. 9. Comparison of the mechanical response of specimens with a circular central hole of D = 7.5 mm, aspect ratio = 4, and infill density = 60%. The adaptive infill 
design A5 is compared with conventional infill patterns P1, P2, and P3, corresponding to aligned rectilinear, line, and grid infill, respectively. The figure reports the 
stress-engineering strain curves together with the corresponding ultimate tensile strength (UTS) and elastic modulus values.

Fig. 10. Bar charts illustrating the behaviour of specimens with a circular hole and adaptive infill as a function of aspect ratio and infill density. The plots report the 
main mechanical properties analysed: (a) Ultimate Tensile Strength (UTS), (b) strain at UTS, and (c) elastic modulus.
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performance with respect to the conventional infill generated by the 
slicer. In particular, an increase in ultimate strength ranging from 12% 
to 20% is observed: the minimum improvement occurs for the square 
hole (from 33.04 MPa to 37.12 MPa), whereas the maximum increase is 
recorded for the slot-shaped hole (from 31.88 MPa to 38.23 MPa). This 
improvement is systematic and independent of hole shape, confirming 
the robustness of the proposed strategy across the non-circular hole 
geometries analysed in this study, as shown in Fig. 11.

Analysis of the engineering strain at maximum load reveals an in
crease of 19% for the circular hole, while the square and rhomboidal 
holes exhibit increases of 23% and 25%, respectively. The slot-shaped 
configuration shows a markedly higher deformation compared to the 
other geometries, with a strain increase of 35%.

The elastic modulus exhibits a slight increase (up to 3%) for speci
mens with circular and slot-shaped holes. For the rhomboidal hole, the 
increase is reduced to 2.3%, while no appreciable variation is observed 
for the square hole. These results indicate that hole geometry has a 
limited influence on the global stiffness of the component, while exert
ing a more pronounced effect on strength and deformability-related 
parameters.

3.4. Statistical analysis

A statistical analysis was performed to assess the repeatability of the 
experimental data and to support the comparison between the adaptive 
and conventional infill configurations. The coefficient of variation (CV) 
was calculated for the main mechanical properties reported in Table 4, 
namely UTS, strain at UTS, elastic modulus, and specific strength. The 
corresponding values are reported in Table 5.

Overall, the CV values indicate good repeatability of the experi
mental results. For UTS, the CV remains below 2.5% for all configura
tions, while the CV of specific strength is also consistently low, 
remaining below 2.4%. The strain at UTS shows limited scatter in most 
cases, with the only notable exception of specimen P2, for which a 
higher variability is observed. The elastic modulus exhibits larger vari
ability for some adaptive configurations, especially A3 and A6; however, 
the overall trends remain consistent with the mechanical results dis
cussed in the previous sections.

To evaluate whether the differences between adaptive and aligned 
rectilinear infill were statistically significant, pairwise comparisons 
were performed using Welch's two-sample t-test. The analysis was per
formed for each hole geometry by comparing specimens with the same 
hole shape, aspect ratio, and infill density, differing only in the infill 

strategy. The corresponding two-tailed p-values are reported in Table 6.
The statistical analysis confirms that the adaptive infill produces 

statistically significant differences with respect to the aligned rectilinear 
infill for all investigated hole geometries and for all analysed properties 
(p < 0.05). The strongest statistical evidence is observed for UTS, strain 
at UTS, and specific strength, supporting the effectiveness of the pro
posed strategy in improving the load-bearing capacity and deformation 

Fig. 11. Bar charts illustrating the behaviour of specimens with constant aspect ratio equal to 4 and constant infill density of 60% as a function of hole geometry. The 
plots report: (a) ultimate tensile strength (UTS), (b) strain at UTS, and (c) elastic modulus.

Table 5 
Coefficient of variation of the experimental results.

Name UTS CV 
[%]

Strain at UTS 
CV [%]

Elastic modulus 
CV [%]

Specific strength 
CV [%]

A1 1.01 2.48 4.20 1.35
A2 2.33 2.53 6.42 2.37
A3 1.05 1.12 9.13 1.17
A4 1.24 3.72 1.19 1.33
A5 0.87 2.84 0.27 0.99
A6 2.03 1.20 9.38 2.16
A7 0.97 1.66 0.20 1.44
A8 1.78 1.55 3.77 1.98
A9 1.15 0.68 1.60 1.53
P1 1.35 0.61 1.76 1.40
P2 1.62 16.55 3.11 1.61
P3 0.88 1.57 1.25 0.98
B1 0.43 0.58 0.40 0.86
B2 0.20 1.61 0.68 0.55
C1 0.28 1.49 0.36 0.44
C2 0.50 1.02 0.29 1.04
D1 0.91 0.90 0.36 0.96
D2 0.42 2.40 0.06 0.59

Table 6 
Welch's two-sample t-test comparison between adaptive and aligned rectilinear 
infill.

Comparison Hole 
shape

UTS p- 
value

Strain at 
UTS p- 
value

Elastic 
modulus p- 
value

Specific 
strength p- 
value

A5 vs P1 Circular 2.74E- 
08

1.60E-04 1.37E-02 1.75E-07

B1 vs B2 Rhombus 7.11E- 
09

2.46E-07 4.06E-04 5.90E-08

C1 vs C2 Square 9.38E- 
10

1.40E-07 1.32E-03 1.34E-06

D1 vs D2 Slotted 
hole

1.63E- 
07

1.08E-07 4.38E-05 9.56E-08
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capability of the specimens.
Although statistically significant differences are also observed for the 

elastic modulus, the relative increase in stiffness remains moderate 
compared with the improvements in UTS, strain at UTS, and specific 
strength. This suggests that the adaptive infill does not primarily act by 
producing a global stiffening effect. Rather, its main contribution is 
associated with the modification of damage initiation and crack prop
agation mechanisms, as further discussed through the DIC and fracture 
analyses.

3.5. Digital image correlation and fracture analysis

To gain deeper insight into the infill behaviour under load, Digital 
Image Correlation (DIC) was employed to evaluate the strain distribu
tion on the specimen surface during tensile testing. In the present study, 
the εyy strain component was analysed, as it is aligned with the tensile 
loading direction and provides the clearest representation of strain 
localisation in the region surrounding the hole. Unless otherwise spec
ified, the strain contour maps discussed in this section and shown in 
Fig. 12 correspond to the frame associated with the maximum UTS of 
each specimen. This analysis complements and corroborates the obser
vations derived from the global mechanical results discussed in the 
previous sections.

Specimens manufactured with conventional infill exhibit a behav
iour consistent with solid mechanics theory for a holed plate subjected 
to tensile loading. Strain initially localises along the inner edge of the 

hole, at the minimum load-bearing section, as illustrated in Fig. 12a. In 
this region, the primary crack initiates and subsequently propagates 
predominantly in the horizontal direction until reaching the external 
perimeter of the component, which represents the last region capable of 
sustaining load prior to final failure.

In contrast, specimens manufactured with adaptive infill display a 
markedly different behaviour, directly attributable to the different 
organisation of the internal structure. As in the conventional case, the 
maximum stress concentration remains localised near the hole, as 
indicated by the high measured εyy strain and the initiation of an initial 
crack in this region. However, as the tensile test proceeds, this crack 
does not evolve into a stable propagation path. Instead, further load 
increase induces the formation of new cracks at the external perimeter of 
the component, not aligned with the minimum load-bearing section, 
which propagate from the outside towards the hole and ultimately lead 
to specimen failure. It is noteworthy that cracks originating at the 
external perimeter never connect with the initial crack formed at the 
hole boundary.

This behaviour confirms that the region surrounding the hole remains 
subject to the highest stress concentration, as predicted by theory, also 
considering that the perimeters are identical in specimens with conven
tional and adaptive infill, thus ensuring a consistent experimental com
parison. Unlike conventional infill, however, the crack does not find a 
preferential propagation path originating from the hole, as the deviated 
infill lines that bypass the hole generate a locally reinforced region capable 
of hindering fracture advancement. Conversely, the external region of the 

Fig. 12. Comparison of εyy strain contour maps obtained by DIC at the UTS frame for specimens with: (a) circular, A5 and P1; (b) rhomboidal, B1 and B2; (c) square, 
C1 and C2; and (d) slot-shaped hole, D1 and D2. In each pair, the aligned rectilinear configuration is shown on the left and the adaptive configuration on the right.
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component, where the arrangement of deposition lines is similar to that of 
conventional infill, remains more susceptible to the initiation of new 
cracks.

This altered mechanism of crack initiation and propagation was 
consistently observed for all analysed hole geometries, confirming the 
effectiveness of the adaptive infill strategy in modifying fracture paths 

Fig. 13. Optical microscopy analysis of the fracture surfaces of the specimens: (a) P1, (b) A5, (c) C2, and (d) C1.
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and enhancing the overall strength of the component.
An additional aspect emerging from the DIC analysis concerns the 

evolution of hole deformation during testing. Near the onset of crack 
initiation, deformation induces a tendency for hole closure, attributable 
to the fact that the infill lines bypassing the hole tend to straighten under 
load. This effect is more pronounced for larger holes and for the slot- 
shaped geometry, whereas square and rhomboidal holes exhibit a 
stiffer response.

In the case of conventional infill, the strain distribution follows the 
analytical solution, with concentration at the hole extremities aligned 
with the minimum load-bearing section, as visible in Fig. 12. For circular 
and rhomboidal geometries, fracture initiates along the minimum sec
tion and propagates outward towards the external perimeter. For square 
and slot-shaped geometries (Fig. 12c and d), in which a single minimum 
section cannot be clearly identified and a broader critical region exists 
instead, fracture initiates within this region at locations corresponding 
to opposing curvature changes. This behaviour is particularly evident for 
the slot-shaped geometry, where fracture develops on the upper right 
and lower left sides.

In contrast, specimens with adaptive infill exhibit a recurring cross- 
shaped surface strain distribution centred on the hole, with principal 
directions inclined by approximately 45◦ with respect to the specimen 
axis. This behaviour is attributable to the fact that, in these regions, the 
infill lines undergo the greatest deviation from the load application di
rection. As a result, strain is distributed over a wider area and is less 
localised exclusively at the hole, a condition that contributes to the 
experimentally observed increase in ultimate failure load.

The optical inspection of the fracture regions provides further evi
dence supporting the failure mechanisms identified by DIC. Fig. 13
compares specimens A5 and P1, both with a circular hole of 7.5 mm and 
60% infill density, manufactured with adaptive and aligned rectilinear 
infill, respectively. In both specimens, fracture traces are visible along 
the external perimeter and tend to coalesce into a preferential crack path 
after reaching the infill/top-layer region.

The main difference concerns the extent of damage around the hole. 
In P1, secondary cracks are mainly localised close to the main fracture 
path. In A5, a larger number of secondary cracks and damage traces is 
distributed over a wider region around the hole. This indicates that a 
larger material volume participates in load transfer before final failure, 
consistently with the broader strain redistribution observed by DIC. 
Although several cracks initiate from the internal and external perime
ters, only a limited number of them propagate through the whole 
specimen and lead to rupture.

The fracture path of A5 does not simply follow the minimum resis
tant section. Local damage still initiates near this region, but final crack 
propagation occurs along less reinforced paths above and below the hole 
and is additionally influenced by the top-layer deposition direction. This 
confirms that the adaptive infill does not suppress the stress concen
tration at the hole boundary, but modifies crack propagation by pre
serving local infill continuity around the discontinuity.

Similar fracture features were observed for the other hole sizes and 
geometries. The square-hole specimens shown in Fig. 13c and d further 
highlight the role of the adaptive path arrangement. In C1, the deviated 
infill lines pass close to the hole corner and contribute to opposing crack 
initiation from this critical region, whereas in C2 the aligned rectilinear 
infill is interrupted at the internal perimeter. Since the square hole 
produces a stronger notch effect than the circular hole, its geometry still 
significantly affects the mechanical response. Nevertheless, the adaptive 
infill also improves the ultimate strength in this configuration, con
firming that local path continuity can mitigate the detrimental effect of 
geometric stress concentration.

4. Discussion

The experimental results indicate that the proposed adaptive infill 
improves the mechanical response of holed FFF specimens primarily by 

modifying the local organisation of the load-bearing filaments rather 
than by producing a simple global stiffening effect. This is evident from 
the fact that the most consistent gains are observed in ultimate tensile 
strength, strain at maximum load, and absorbed energy, whereas the 
increase in elastic modulus remains comparatively limited. In the 
comparison with conventional slicer-generated patterns, the aligned 
rectilinear infill represents the most competitive baseline, yet the 
adaptive strategy still provides higher tensile strength and larger 
deformation at the maximum load. This behaviour suggests that the 
principal effect of the proposed strategy is not a uniform increase in 
specimen rigidity, but rather a more efficient redistribution of defor
mation in the vicinity of the stress concentrator.

This interpretation is consistent with recent mechanically informed 
toolpath studies. Kubalak et al. [38] showed that optimized toolpath 
planning in material extrusion can improve part performance by align
ing deposition with a prescribed orientation field, while Sadeghieh et al. 
[39] reported strength gains through stress-oriented trajectory planning 
in FFF. Although those approaches rely on orientation fields or stress- 
based planning, the present results follow the same general trend: the 
largest benefits arise when deposition orientation and path continuity 
are treated as structural variables rather than as purely geometric filling 
choices. The fact that the present gains are more pronounced in UTS and 
strain at maximum load than in elastic modulus is also coherent with the 
observations of Allum et al. [1], who showed that alternative toolpaths 
may primarily act by redirecting the fracture path and delaying failure 
rather than by producing a proportional increase in small-strain 
stiffness.

A second relevant outcome concerns the role of geometry and den
sity. For circular holes, increasing infill density leads to the expected 
increase in strength, whereas the influence of aspect ratio remains 
limited within the explored range for densities up to 60%. Only at 80% 
infill density does aspect ratio begin to exert a more appreciable effect, 
which is consistent with the fact that the printed structure progressively 
approaches the behaviour of a more homogeneous solid. In addition, the 
analysis of strength normalised with respect to density indicates that 
several adaptive configurations outperform the conventional ones even 
when mass efficiency is considered. This confirms that the mechanical 
benefit is not achieved through a simple increase in deposited material, 
but through a more effective geometric organisation of the infill.

The comparatively limited influence of aspect ratio for densities up 
to 60% is worth comparing with previous studies on conventionally 
printed open-hole polymer plates. Khosravani and Reinicke [50] re
ported a clearer dependence of tensile performance on the width-to- 
hole-diameter ratio in standard FDM plates, where the net-section ge
ometry directly governs the structural response. A plausible explanation 
for the milder aspect-ratio sensitivity observed here is that the adaptive 
infill partly compensates for the geometric severity of the hole by pre
serving a larger number of continuous load-oriented paths in its vicinity. 
The residual aspect-ratio effect observed at 80% infill is nevertheless 
consistent with the open-hole literature, since as the internal architec
ture becomes denser the specimen progressively approaches the 
behaviour of a more continuum-like plate, for which net-section ge
ometry regains greater importance.

The statistical analysis supports the robustness of these trends. The 
generally low coefficients of variation indicate good repeatability, while 
Welch's t-test confirms that the differences between adaptive and 
aligned rectilinear infill are significant for all investigated hole geome
tries. This is relevant because the analysed holes differ in curvature, 
local ligament shape, and strain-concentration behaviour, yet the 
adaptive strategy remains beneficial in all cases.

The magnitude of the improvement nevertheless depends on geom
etry. The largest UTS increase is obtained for the slotted hole, where the 
conventional infill produces an extended region of filament interruption 
and the adaptive bypass can preserve continuity over a wider critical 
area. Conversely, the square hole shows a smaller, although still sig
nificant, improvement, likely because abrupt curvature changes reduce 
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the space available for smooth path deviation. Finally, the specific- 
strength results confirm that the benefit is not merely due to increased 
mass or density, but to a more efficient organisation of the deposited 
material.

The DIC observations provide a mechanistic interpretation of these 
trends. In specimens with conventional infill, strain localisation and 
crack initiation occur at the hole boundary and evolve along a prefer
ential path associated with the minimum resistant section. In contrast, in 
specimens with adaptive infill, the first crack still nucleates near the 
hole, as expected from the geometric stress concentration, but does not 
develop into a stable propagation path. Instead, the deviated lines sur
rounding the hole act as a locally reinforced zone that hinders crack 
advance and promotes damage development in external regions of the 
specimen. The recurring cross-shaped strain pattern observed around 
the hole in the adaptive configurations is consistent with the local de
viation of the infill lines from the tensile axis and with the redistribution 
of strain over a wider area. From a structural standpoint, the adaptive 
strategy therefore preserves the geometric stress concentration, but re
duces the extent to which this concentration is amplified by the inter
ruption of load-oriented filaments at the hole boundary.

This fracture-based interpretation is also aligned with related ob
servations in the literature. In ZigZagZ non-planar printing, Allum et al. 
[1] associated improved strength, strain-at-fracture, and toughness with 
a redirection of the fracture path and an increased tendency towards 
through-filament failure. Likewise, Krajangsawasdi et al. [55] showed in 
open-hole tensile tests on aligned discontinuous composites that steering 
the raster around the hole changes the failure mode relative to 
conventionally cut-hole specimens. The present DIC evidence supports 
an analogous mechanism in polymer-only FFF: the adaptive path does 
not suppress the geometric stress concentration itself, but changes the 
way in which localised deformation evolves into a propagating crack.

When interpreted in the context of the literature, these results sup
port the central hypothesis of the work: concepts commonly associated 
with load-dependent path planning can be transferred to polymer-only 
FFF infill without relying on preliminary finite element simulations or 
on continuous-fibre hardware. In this sense, the present strategy differs 
from stress-field-driven or optimisation-based approaches, in which 
path generation depends on principal-stress evaluation, streamline 
construction, or dedicated composite-oriented deposition frameworks. 
The contribution of the present work is therefore not to maximize the 
absolute mechanical performance attainable with advanced composite 
systems, but to demonstrate that a significant fraction of the same design 
logic, namely continuity of the deposition path around holes while 
preserving global load alignment, can be implemented through a purely 
geometric and slicing-compatible workflow. This point is particularly 
relevant for routine FFF applications, where ease of integration, 
robustness, and low computational overhead are often more important 
than the maximum achievable performance.

This difference in scope also helps explain why the gains reported 
here are more moderate than those observed in continuous-fibre or 
strength-optimized composite studies [55,57]. In those cases, the ben
efits derive not only from path steering, but also from substantially 
higher reinforcement efficiency, stronger anisotropy along the fibre di
rection, and, in some cases, concurrent topology and fibre-path opti
mization. By contrast, the present study intentionally isolates the 
contribution of geometry-driven path continuity in an unreinforced 
polymer FFF workflow. The fact that measurable improvements are still 
obtained under these more constrained conditions is therefore an 
important result in itself.

From an application perspective, the proposed strategy offers a 
favourable trade-off between mechanical improvement and imple
mentation simplicity. The algorithm modifies only the infill, while 
keeping perimeters, top/bottom layers, and the rest of the slicing 
workflow unchanged. This makes the method compatible with standard 
FFF practice and suitable for implementation either directly in the slicer 
or as a post-processing step on the G-code, as done in the present work. 

At the same time, the scope of the present validation should be clearly 
acknowledged. The experimental campaign is limited to tensile loading 
of planar specimens with a central hole, fabricated in a single polymeric 
material and on a single printing platform. Moreover, although the 
observed trends are systematic, the present study is not intended as a full 
statistical characterisation of the process. Future work should therefore 
extend the validation to additional loading conditions, different mate
rials, more complex discontinuities, and quantitative comparisons with 
simulation-driven path-planning methods. Within these boundaries, the 
results nevertheless demonstrate that local continuity of load-aligned 
deposition paths is an effective design variable for improving the me
chanical performance of FFF components containing central holes.

4.1. Advantages and limitations of the proposed adaptive infill strategy

The proposed adaptive filling method presents several practical ad
vantages. It improves the tensile performance of holed FFF specimens 
without increasing nominal infill density or material usage, because the 
gain is obtained by reorganising the existing infill paths around the in
ternal discontinuity. The method is also purely geometry-driven: it re
quires only the sliced geometry and the prescribed load direction, 
without preliminary finite element analysis, principal-stress extraction, 
or iterative optimisation. Moreover, only the infill is modified, while 
perimeters, top and bottom layers, supports, and the remaining slicer- 
generated features are preserved. This makes the strategy compatible 
with conventional G-code post-processing and suitable for local rein
forcement of mechanically critical regions. The DIC results further 
suggest that the adaptive paths improve damage tolerance by hindering 
direct crack propagation from the hole boundary.

It is also useful to distinguish the proposed strategy from slicer-based 
local modifier approaches, available in commercial slicing software. 
These tools can locally increase infill density and/or add internal walls 
around selected regions, thereby reinforcing critical areas. However, 
this reinforcement is mainly achieved by locally increasing the amount 
of deposited material or by adding wall contributions. In contrast, the 
present method aims to isolate the effect of infill path continuity around 
holes while keeping the nominal infill density, number of perimeters, 
and global material usage comparable between configurations. A direct 
comparison with slicer-based local modifier strategies would therefore 
require a dedicated mass-normalised study including different local 
densities, modifier geometries, wall-count settings, part weight, print 
time, and setup/processing time.

The method also has limitations. First, a relevant load direction must 
be known in advance. The current implementation is therefore most 
suitable for components mainly subjected to a dominant tensile load, 
whereas multiaxial loading, bending, torsion, impact, fatigue, or mul
tiple competing load cases require the designer to identify the most 
critical direction or to define different reinforced regions. Second, the 
method is constrained by geometry. Smooth path deviation requires 
sufficient space between internal and external boundaries and between 
neighbouring holes. Very small ligaments, closely spaced holes, sharp 
concave regions, or highly irregular contours may prevent the genera
tion of manufacturable bypass paths, requiring the algorithm to reduce 
the number of deviated lines or locally revert to conventional infill. 
Third, the algorithm controls the nominal deposition path but does not 
directly model bead deformation, thermal history, inter-road bonding, 
or local extrusion stability, which may depend on printer calibration, 
material rheology, and process parameters.

Finally, the present validation is limited to planar PLA specimens 
with central holes subjected to quasi-static tensile loading and manu
factured on a single FFF platform. The results demonstrate the effec
tiveness of the proposed concept under controlled conditions; however, 
they do not yet constitute a complete design database covering different 
materials, printing systems, loading modes, environmental conditions, 
or long-term behaviour. Future work should therefore extend the 
experimental validation to flexural, fatigue, and impact loading, 

A. Montalti et al.                                                                                                                                                                                                                                Journal of Manufacturing Processes 173 (2026) 799–816 

814 



additional materials, and more complex part geometries. A dedicated 
finite element analysis will also be required in future work to quantify 
the stress redistribution produced by the adaptive infill and to account 
for the actual deposited architecture, toolpath arrangement, and 
process-related features. Such numerical investigation was not included 
in the present study because the objective was to experimentally isolate 
the effect of geometry-driven path continuity without relying on pre
liminary simulations. Within these limits, the method represents a 
practical strategy for improving the mechanical response of FFF com
ponents containing load-critical discontinuities.

5. Conclusion

In this work, a geometry-driven adaptive infill strategy for polymeric 
FFF components with central holes was developed and experimentally 
validated. The method preserves the global alignment of the deposition 
paths with the main load direction while locally deviating them around 
the hole, treating the infill as a network of virtual structural fibres.

Compared with conventional slicer-generated infills, and in partic
ular with aligned rectilinear infill as the most competitive baseline, the 
proposed strategy systematically improved the tensile response of the 
analysed specimens. Ultimate tensile strength increased by 12–20%, 
strain at maximum load by 19–35%, and absorbed energy also 
increased, whereas elastic modulus changed only moderately. These 
results indicate that the main benefit of the method is not a simple global 
stiffening effect, but a more efficient redistribution of deformation in the 
vicinity of the stress concentrator.

DIC analysis showed that the adaptive infill changes the fracture 
mechanism. In conventional infills, cracking initiates at the hole 
boundary and propagates along a preferential path associated with the 
minimum resistant section. In the adaptive configurations, the deviated 
paths create a locally reinforced region around the hole that hinders 
stable crack propagation from this zone and promotes a broader strain 
redistribution.

Overall, the present study demonstrates that hole-aware, load- 
aligned path continuity can improve the mechanical performance of 
polymer-only FFF components through a purely geometric and slicing- 
compatible workflow, without preliminary numerical simulations or 
additional material usage. The method is particularly attractive for 
practical implementation because it can be applied locally around me
chanically critical discontinuities while preserving the conventional 
slicer-generated perimeters, top and bottom layers, supports, and non- 
critical infill regions.

Within the limits of the present validation: planar tensile specimens 
with central holes, one material, one printing platform, and quasi-static 
tensile loading; the proposed strategy represents a practical route for 
strengthening holed FFF components. Its application to real products 
will require geometric feasibility checks, appropriate selection of the 
dominant load direction, and further validation under more complex 
loading and manufacturing conditions. These aspects define the main 
direction for future work, together with the extension of the algorithm to 
multiple discontinuities, more complex three-dimensional geometries, 
and quantitative comparison with simulation-driven toolpath-planning 
methods.
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