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Abstract. A fundamental process parameter that is underutilised in fused deposition modelling (FDM), but defines
the geometry of the deposition of individual layers and therefore the mechanical behaviour of printed parts, is the
build orientation angle. This article explores the influence of seven angles of building orientation (0°, 15°, 30°,
45°, 60°, 75° and 90°) on the flexural characteristics and fracture behaviour of PLA specimens produced using
FDM. Specimens that met ISO 178 were printed under constant process conditions and put into three-point bending
tests. The findings indicate that the flat orientation (0°) has the best elastic modulus (1808 + 45 MPa) and flexural
strength (47.6 +2.2 MPa) which are 15% and 124% better than the configuration at 90°, respectively. The
monotonic decrease of elongation at break with the orientation angle and nonmonotonic increase in the mass of
the specimen, respectively, before and after 30°. The two trends are also manifested in the specific strength, in
which the 0° orientation is the best. The fracture surface morphology is associated with layer-orientated crack
propagation at angles that increase to higher angles and then change to through-layer fracture at 0°. The results
make a quantitative recommendation for the orientation choice in flexure-critical FDMs.
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Introduction

Additive manufacturing and, more specifically fused deposition modelling (FDM) has established
itself as a multifunctional system of producing polymer parts in the automotive [1], aerospace [2],
protective clothing [3], biomedical [4] and consumer industries. The anisotropic microstructure formed
by superposition of deposited layers of materials in FDM has the property of a strong dependence of
mechanical action on the spatial relationship between deposited filament roads and applied loads [5].
FDM does not restrict the designer to any fixed manufacturing process but instead enables the designer
to change the build orientation as a process parameter directly changing the internal architecture and
interlayer bond density of the finished part without changing material composition or infill geometry [6-
10].

In FDM, a part can call the build orientation the angular position of the part relative to the print bed
when it is being fabricated [11]. In cases where the specimen is printed flat (0°) the long axis is parallel
to the build plate, and the applied load in bending occurs across many continuous layers of filament; as
the angle of orientation goes toward 90 degrees, the specimen changes the geometry to an edge-on
geometry, where a smaller number of taller layers cross the cross section. This change in geometry
essentially transforms the number of interlayer interfaces that is being crossed by the stress field, the
extent of filament continuity with the direction of loading and the useful cross-sectional area of bonded
material in opposition to fracture. As a result, the orientation angle has a strong effect on the stiffness
[12], strength [13] and failure mode [14].

Other earlier studies have recorded the anisotropic behaviour of FDM-fabricated components in
tensile and flexural loads. Research on PLA and ABS has uniformly found flat-printed constructions to
have a higher strength in configurations with a load path running parallel to the filament direction, and
a vertical structure being the weakest structural connection [15-17]. Studies of raster angle, layer
thickness, and infill density have helped to understand more about FDM process-property relationships,
but the systematic impact of continuous variation of orientation angle, especially at intermediate angles
between 0° and 90°, to flexural response has not been fully characterised [18-20]. The number of discrete
orientations that most of the currently existing studies use is only two or three, which restricts the
resolution with which transitional mechanical behaviour can be registered.

The gap that the current research will bridge is by determining flexural mechanical and fracture
morphology at seven build orientation angles (0° to 90° in 15° steps) with standardised specimens made
of commercial PLA filament using a Prusa Mini FDM printer. All other parameters of the process except
the orientation were kept constant. Alongside traditional flexural measures, elastic modulus, flexural
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strength, and flexural strain at break, specific strength is documented in order to put performance in
context with the mass change which occurs due to orientation sensitive printing efficiency.

Materials and methods

Commercially available materials PLA filament (1.75 mm diameter, Prusa Research a.s., Czech
Republic) were made into specimens by printing on a Prusa Mini FDM printer with a 0.4 mm brass
nozzle and a glass fibre build plate as mentioned in [21; 22]. Before printing, the filament was dried at
40 °C for one hour with an eSUN eBOX Lite drying unit to remove moisture that could be absorbed,
thus reducing both the quality of the printed product and the mechanical performance. All printing
parameters are summarised in Table 1. The layer thickness of 0.2 mm was chosen as a compromise
between structural resolution and printing efficiency. The infill density was held at 40% and the pattern
was rectilinear to isolate orientation effect on the other geometric variables.

Table 1
FFF process parameters and printing conditions
Printing Parameter Value/Description

Filament diameter, mm 1.75

3D printer Prusa Mini
Nozzle diameter, mm 0.4

Build plate Glass fibre
Extrusion temperature, °C 215

Bed temperature, °C 60

Print speed, mm-s” 25

Layer thickness, mm 0.2

Shell thickness, mm 0.2

Infill density, % 40

Infill pattern Rectilinear

There were seven angles of orientation of the buildings studied: 0°, 15°, 30°, 45°, 60°, 75°, and 90°.
The short and long edges of the specimen tilt at an angle, 8, which determines the angle of the short and
long sides of the specimen versus the bed of the printer, as shown in Fig. 1. When 0 corresponds to the
specimen lying flat and when 90 corresponds to the specimen standing on its short end. The intermediate
angles obtain increasingly tilted build geometries where the filament deposition pattern crosses the
specimen cross-section at different angles. All samples were of ISO 178 geometry (80 x 10 x 4 mm),
and the thickness of the sample remained constant at 4 + 0.1 mm throughout the study. The replica was
made on all the angles of orientation angles, producing a total of 35 replicate specimens.

Fig. 1. Schematic illustration of the build orientation angle 8,
inclination of the short and long edges relative to the printer bed

A Mecmesin Multi-Test 2.5-1 universal testing machine (PPT Group UK Ltd., Slinfold, UK) with a
250 N load cell was used to perform flexural testing with a three-point bending configuration at a cross-
head speed of 2 mm/min as per ISO 178. The mass of each sample was measured before testing and
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recorded using high-precision KERN ABT 5NM analytical balance (resolution 0.000001 g, maximum
capacity 100 g) as mentioned in [23-25]. Of every test, elastic modulus, flexural strength and flexural
strain at break were obtained. The specific strength was calculated as the ratio of flexural strength to
specimen mass and gave a weight-normalised performance measure used in the lightweight design.

Results and discussion

Fig. 2 gives representative flexural stress(o)-strain(e) curves at the seven orientation angles. All
specimens were characterised by an initial linear elastic regime and a yield transition, which was
followed by plastic deformation before failure. The 0° specimen is characterised by a significantly
prolonged plastic plateau and the maximum stress, and the specimens that are printed at angles steeper
than 30° exhibit steadily steeper post-peak drops and fracture earlier which implies that ductile
behaviour decreases with increasing orientation. The mechanical property measurements obtained from
these curves are summarised in Table 2.
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Fig. 2. Representative flexural stress(o)-strain(¢) curves for specimens printed
at various orientation angles (0°-90°)

Table 2
Flexural mechanical properties as a function of the orientation angle
Build Elastic Flexural Flexural Mass m, g Specific

orientation | modulus £, MPa | strength o, strain at strength,
angle 0 MPa break &, % kN-m-kg™
0° 1808 + 45 47.6 2.2 4.1+£0.16 2.28 £0.01 66.3+1.7
15° 978 + 33 22.2+0.3 4.0+0.07 2.23 £0.01 31.9+0.2
30° 916 £ 11 16.2 +0.7 2.1 +£0.06 2.13+0.01 24.0+0.6
45° 1262 + 48 21.0+0.2 2.0 +£0.09 2.26 £0.01 29.1+0.2
60° 1235+ 53 17.1+£0.3 1.4+£0.02 2.32+0.01 23.8+0.2
75° 1387 +24 20.4+0.4 1.4+0.04 2.36 £0.01 27.4+0.3
90° 1567 + 42 21.3+0.5 1.3+£0.05 2.41 +£0.01 282+0.4

The 0° orientation yielded the best elastic modulus (1808 =45 MPa) and flexural strength
(47.6 £2.2 MPa), which is 15% and 124% higher than the following best configuration (90°,
1567 £42 MPa; 21.3 +£0.5 MPa). This is due to this high performance, where filament roads are
maximised in the long axis of the specimen, where maximum bending stress occurs in three-point
flexure. When 6 = 0, the load acts in tension on the bottom face and in compression on the top face. The
inter-road bonding is so dense over the entire cross-section that concentrations of stress are reduced, and
initiation of cracks is postponed.

These results are consistent with the broader FDM literature, where flat-printed PLA and ABS
specimens have similarly been shown to outperform edge-on and upright configurations under flexural
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and tensile loading [15-17]. The partial modulus recovery observed beyond 30° also aligns with laminate
analogy models reported for FDM anisotropy [5], where competing interface-density and filament-
continuity effects govern stiffness at intermediate angles.

There is a significant nonmonotonic trend in the data of the elastic modulus. The modulus is highest
at 0° with a value of 1808 MPa and a low of 916 & 11 MPa at 30° and finally increases gradually at 45°
(1262 + 48 MPa), 60° (1235 + 53 MPa) 75° (1387 + 24 MPa), and 90° (1567 + 42 MPa). This behaviour
corresponds to competing geometric effects: at 15-30°, the filament roads subtend an acute angle with
the bending plane which optimises the fraction of weak interlayer interfaces intersected by the stress
field. Beyond 30°, the build geometry switches to an edge-on geometry whereby each layer implies a
larger bonded cross-sectional area perpendicular to the load, and thus, to some extent restores stiffness.
The 90° structure, although with the highest density of the interlayer interface in the beam cross-section,
recovers much of the modulus due to the orientation of the layers such that the compressive and tensile
zones are in large numbers with intact filament walls parallel to the bending axis. This process agrees
with classical laminate theory of FDM-printed structures.

The flexural strength also reduces less in a systematic manner compared with the modulus, with the
0° specimen prevailing. It also shows that the intermediate angles (45°-90°) fall within the range of 17.1-
21.3 MPa, with the weakest being 30° (16.2 = 0.7 MPa). It seems that the 30° orientation is a mechanical
minimum, since it just orients interlayer boundaries at an angle that is close to the maximum shear stress
plane (45° to the neutral axis), thus, favouring inter-layer shear failure at relatively low applied loads.
The elongation at break decreases monotonically from 0° to 1.3 + 0.05% at 90° indicating a progressive
depletion of the ductility due to the progressive loss in the contribution of the deformation mechanisms
with increasing . The interlayer bond stretching governs the deformation at higher orientation angles
and does not accommaodate plastic strain as easily as possible.

The mass of the specimen shows a nonmonotonic trend throughout the angular span (Table 2), with
a decrease in value between 0° showing a value 0of 2.28 + 0.01 g and a minimum of 2.13 £ 0.01 g at 30°,
rising to 2.41 = 0.01 g at 90°, and an increase in mass of ~6% between 0° and 90°. The shape of this V-
shaped profile of mass indicates the changes in orientation of the filling pattern of the angled cross-
section; at the lowest angles near 30° the rectilinear infill has the lowest efficiency and least material
consumption, and at the steeper angles extra perimeter roads must be made to retain the geometry of the
outer shell. Although the strength advantage of the 0° configuration is partially reduced by the increase
in mass at higher angles, the 0° specimen still achieves the best specific strength
(663+1.7 kN-m'kg') being 176 per cent above the weakest configuration
(30°, 24.0 + 0.6 kN-m-kg™). This proves the fact that despite material consumption, the flat orientation
offers definitely better weight-normalised flexural performance.

Orientation-dependent failures can be seen in the analysis of fracture surfaces (Fig. 3). Fracture
surfaces at 0° are approximately planar and perpendicular to the axis of the specimen, which is in line
with tensile failure of filament roads on the tension side of the beam and extension of transversal cracks
through the cross section.
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Fig. 3. Fracture behaviour of the specimens at each orientation angle (scale bar: 1 mm)

When the angle of orientation increases, the fracture surfaces are inclined and irregular, which
means that crack propagation is diverted on the layers. Fracture planes at 30° and 45° are parallel to the
printed interface of the layers, and this proves that interlayer bonding controls failure in the mentioned
arrangements. Fractures at 75° and 90° are stepped and representative of mixed-mode interlayer and
transverse cracking because, due to the vertical layout of the layers, several competing tracks are forced.
These data are in agreement with the intermediate modulus recovery observed at greater angles and
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allow the conclusion that filament continuity and interface orientation to the applied stress field are the
main factors that determine the flexural response in FDM-printed PLA.

Conclusions

1. Seven orientations of the building were tested for their influence on the flexural performance of
FDM-printed PLA. High elastic modulus (1808 + 45 MPa), flexural strength (47.6 &+ 2.2 MPa) and
specific strength (66.3 + 1.7 kN-m-kg™) which were 97%, 194%, and 176% greater than the lowest
values at 30°.

2. There was a nonmonotonic trend in elastic modulus with the lowest elastic modulus occurring at
30°, and some recovery in elastic modulus up to 90° and mass followed a V-shaped trend.

3. The fracture behaviour changed from through-layer failure at 0° to interlayer delamination at
intermediate angles with mixed-mode cracking occurring at 75°-90°. These findings give explicit
numerical advice on orientation selection of flexure-critical FDM design.
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