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Abstract This study focuses on the impact of different fabrication parameters
(build orientation, layer thickness and post-curing time) on the mechanical prop-
erties of parts fabricated through projection stereolithography technology. A Titan
2 HR printer (Kudo3D Inc. c©) was used to print the specimens. Three different
resins have been investigated. Specimens have been organised in 7 families for each
material. Besides the different chemical composition of the resins, the results glob-
ally show that the most influential factor on the mechanical properties (ultimate
tensile strength, Young's modulus, elongation at break) is the build orientation.
Contrarily, the effect of the post-curing time has proved to be highly dependent
on the chemical composition of polymers, playing a significant role only for resins
that do not complete the polymerization process during printing and therefore re-
quire a subsequent treatment time. Layer thickness in this application has shown
a relevant influence on the mechanical characteristics of the studied resins.

Keywords additive manufacturing · projection stereolithography · material
properties

1 Introduction

Stereolithography (SLA) represents the first additive manufacturing (AM) tech-
niques commercialized during the mid-1980s and has thus been widely studied [1].
The process is based on the possibility to obtain highly accurate parts starting
from photosensitive polymers. SLA machines originally produced parts using a
focused ultraviolet laser beam that selectively initiated the photopolymerization
process in the liquid photopolymer contained in a vat, with the final parts being
obtained layer by layer. An elevator platform step by step decreases the build
platform position, depending on the chosen layer thickness exposing every step a
new layer of photopolymer ready to be photopolymerized to the UV laser beam

S. Thibaud
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2 D. Ambrosio et al.

[2–7].
New devices based on the same chemical principle, such as the projection stere-
olithography (PSL), have then been developed (Fig.1).

Fig. 1 Schemes of two types of stereolithography setups. Left: top-down system with scanning
laser. Right: bottom-up setup with digital light projection [5].

This new technique substitutes the focused laser beam with a UV light pro-
jector that allows to photopolymerize one layer at once avoiding the problem to
choose the path of the laser beam and decreasing the execution time to obtain a
single layer. The photopolymerization of the single layer is obtained thanks to a
dynamic mask that is projected onto a new resin's layer at each step, thanks to
the movement of the build platform, determining the photopolymerization only of
the cross-section of the dynamic mask [7–10].
Mechanical properties of 3D-printed parts can be affected by both the material
properties and the manufacturing method. Besides the printed materials, many
analyses concerning various additive manufacturing techniques and related manu-
facturing parameters that may affect the mechanical properties of the printed part
have been proposed over the years [11–20]. Similarly, several studies concerning
the effect of manufacturing parameters on the geometry of 3D-printed parts have
been proposed [21,22].
An exhaustive analysis of various additive manufacturing techniques for polymers
and related manufacturing parameters that affect the mechanical properties of a
part has been proposed by Dizon et al. [11]. The authors showed through this
review that mechanical properties of 3D-printed parts are closely linked to various
manufacturing parameters.
Among these, build orientation has been one of the most studied manufactur-
ing parameters [12–15]. Quintana et al. [12] showed that printing direction has a
statistically significant effect on mechanical properties of SLA 3D printed parts.
Domı́nguez-Rodŕıguez et al. [13] studied the influence of printing direction on the
mechanical behaviour of specimens manufactured by fused deposition modeling
(FDM) under uniaxial compression. The authors claimed that higher strength
and stiffness were achieved with specimens printed along the longitudinal direc-
tion. Influence of the build orientation on the shear properties of 3D-printed parts
has been proven by Rohde et al. [14]. Abid et al. [15] investigated the influence
of manufacturing direction in FDM printed parts. The results obtained through
statistical analysis showed that the manufacturing direction has a strong effect
on yield stress and tensile strength. Also, the effects of support strategy on FDM
printed mechanical properties has been shown by Jiang et al. [16].
Even though less information is available compared to the build orientation, the
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Mechanical properties of projection stereolithography-manufactured specimens 3

layer thickness has also been shown to affect the mechanical properties of the parts
[17,18]. 3D-printed parts through SLA are influenced by layer thickness, as demon-
strated by Chockalingam et al. [17]. The authors, investigated layer thicknesses of
100 µm, 125 µm and 150 µm revealing that the smaller the layer thickness, the
higher the strength of the part. Rankouhi et al. [18] showed that layer thickness
largely affects the mechanical properties of parts manufactured out of ABS us-
ing FDM. Specifically, specimens printed with a smaller layer thickness (0.2 mm)
showed higher stiffness and ultimate tensile strength compared to specimens fed
using thicker layers (0.4 mm).
The post-curing can also influence the mechanical properties of a part [19,20].
Chantarapanich et al. [19] investigated the influence of the post-curing time on
specimens printed through SLA. The authors observed that the mechanical strength
of specimens can be improved increasing the UV post-curing period from 0 to 4
hours whereas, above 4 hours, the mechanical properties of specimens were nearly
constant. Hague et al. [20] also studied the effect of the post-curing on the mechan-
ical properties of SLA parts. The authors found out that varying the post-curing
methodology would affect the mechanical properties of the printed parts.
Although, many researchers have studied the influence of manufacturing parame-
ters on 3D-printed parts in SLA and FDM technologies, a similar investigation for
PSL is still lacking. Objectives of this study are therefore the understanding of the
influence of the chosen manufacturing parameters on the mechanical properties of
the individual resins and then the evaluation of the overall effect of these process
parameters, to highlight whether their effect is independent of the type of resin
or not. The potential different impact of the process parameters on the resins'
mechanical characteristics would make this type of characterization necessary for
each different resin used in a specific application.

2 Manufacturing process

2.1 Material

The following investigation focuses on the mechanical characteristics of specimens
manufactured in different ways using commercial stereolithography (SLA) digital
light processing (DLP) 3D printer (Titan 2 HR, Kudo3D Inc. c©). Specifically, the
comparison has been carried out on three different photosensitive resins charac-
terised by different chemical characteristics:

– S-PRO Engineering - High Performance (Spot-A Materials) (Aliphatic acry-
lates, cycloaliphatic acrylates, aromatic acrylate oligomer, epoxy-acrylate oligomer
and bis(methylene) diacrylate) [23];

– 3DM – X-GREEN resin (3DM Materials) (Mixture of acrylic acid esters, acry-
lated monomers, oligomers and photoinitiators) [24];

– 3DM – ABS resin (3DM Materials) (Mixture of (meth)acrylic acid esters,
(meth)acrylated monomers, oligomers and photoinitiators) [25];

The resins are designed for PSL systems, (405 nm wavelength) with a different
set of parameters for each resin. The resolution used to print all the samples, in
the x-y plane (printing plane), is 25µm, which is the best achievable with this
device.
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4 D. Ambrosio et al.

2.2 Methods

The specimen has been modelled in CAD software and all of them have been
fabricated on the 3D printer changing the processing parameters for each resin.
The volume of the building envelop for the machine is 49 mm x 28 mm x 200 mm.
The specimen geometry is shown in the Fig.2. The dimensions and geometry were
chosen according to the build envelope. Before running the experimental campaign,
preliminary tests were carried out to ensure the rupture of the specimen within
the gauge length.

Fig. 2 Specimen dimensions (mm).

The effect of layer thickness, build orientation and post-curing time on the
mechanical properties has been investigated. The process parameters were chosen
because they are very likely to have an impact on mechanical properties, as already
seen for other AM techniques.
Three types of build orientation are considered (Fig.3):

– Longitudinal (along the y axis) (a);
– Transverse (along the x axis) (b);
– Normal (along the z axis) (c);

Fig. 3 Different build orientations: a) longitudinal, b) transverse, c) normal.

The building volume allows to print 3 specimens at the same type when printing
along the x and y-direction, and one for the z-direction. Samples were organized
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Mechanical properties of projection stereolithography-manufactured specimens 5

Table 1 Manufacture scheme

Family Orientation Layer Thickness (µm) Post-curing (h)

L-1 Longitudinal 100 1
L-1̄ Longitudinal 50 1
T-1 Transverse 100 1
N-1 Normal 100 1
L-2 Longitudinal 100 2
L-3 Longitudinal 100 3
L-4 Longitudinal 100 4

into 7 families. There are 3 specimens in each family, as described in Table 1. The
letter indicates the printing direction, the number indicates the post-curing time
(hour) and the eventual bar on the number refers to a modification of the layer
thickness. The family L-1 gathers the reference samples, and the other families are
used to study the effect of the 3 factors.

2.3 Mechanical Testing

The uniaxial tensile tests have been performed using MTS Criterion R© Electrome-
chanical Universal Test Systems machine with a load cell of 1 kN. The strain
rate was set to 40 · 10−6 s−1 for the S-PRO and ABS and 80 · 10−6 s−1 for the
X-GREEN, at room temperature 21◦C(±1◦C). The gauge part of the specimen
for the strain measurement is 12 mm in length. Young's modulus (E) (MPa), ulti-
mate tensile strength (UTS) (MPa), elongation at break (εb) and Poisson's ratio
(ν) have been measured for all specimens. E was determined from a least squares
linear regression of the measured data between 1% and 3% strain. The strength
was calculated as the load divided by the cross section.
A random pattern has been spray-painted onto the specimens. A camera Point
Grey 4 Megapixel equipped with a telecentric lens that prevents measurements
from optical distortions was used to acquire images. Image acquisition was trig-
gered at a rate of 1 frame per sec. DIC was performed with VIC-2D software,
calculating the displacements from the acquired pictures. Strains in the longitu-
dinal and transverse direction have been calculated as described in [26]. All the
data obtained have been used to show the engineering stress-strain curves of the
different tests. Only the two extremal curves defining the enveloppe of the results
have been displayed on graphs in order to ease their reading. The percentage vari-
ation of E, UTS and elongation at break between families L-1 and L-1̄, L-1, T-1
and N-1 and L-1, L-2, L-3 and L-4, for all the resins are available in the Appendix.

3 Results

3.1 S-PRO resin

3.1.1 Build Orientation

Considering that the PSL technique is based on the layer manufacturing concept,
the build orientation is expected to influence the mechanical properties of the
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6 D. Ambrosio et al.

Table 2 Average values and standard deviation of Young's modulus, ultimate tensile strength,
elongation at break and Poisson's ratio for S-PRO families L-1, T-1 and N-1.

Orientation E UTS Elong. break ν
S-PRO (MPa) (MPa) (%)

L-1 1557 ± 38 29.7 ± 1 16.2 ± 3 0.41 ± 0.01
T-1 2019 ± 112 35.0 ± 1 11.4 ± 2 0.42 ± 0.03
N-1 1980 ± 88 30.0 ± 1 5.5 ± 2 0.44 ± 0.01

material. Fig.4 displays typical stress-strain curves obtained for S-PRO samples
belonging to families L-1, T-1 and N-1.
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Fig. 4 Stress-strain curves for S-PRO families L-1, T-1 and N-1. Effect of the build orientation.

Samples from these families exhibit rather different behaviours. Specimens
built along the longitudinal direction display a large plasticity regime, with an
elongation at break εb=15%. Samples built along the transverse direction display
higher yield stress with a smaller elongation at break (εb=10%). Finally, for sam-
ples obtained by building along the normal direction, the elongation at break is
5% which corresponds to the onset of plasticity.
Table 2 summarizes the results obtained with 9 samples. The transverse configura-
tion shows the best mechanical characteristics with significantly increased Young's
modulus and UTS. It is interesting to observe that the lower rigidity configura-
tion is represented by the longitudinal one, that means that having the layers
perpendicular to the load direction minimizes the Young's modulus.

3.1.2 Layer Thickness

The layer thickness and, as a consequence, the number of layers could also in-
fluence the mechanical properties of the material. Fig.5 displays the stress-strain
curves for families L-1 and L-1̄, corresponding to the layer thickness of 100 and 50
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Mechanical properties of projection stereolithography-manufactured specimens 7

Table 3 Average values and standard deviation of Young's modulus, ultimate tensile strength,
elongation at break and Poisson's ratio for S-PRO families L-1 and L-1̄.

Layer Thickness E UTS Elong. break ν
S-PRO (MPa) (MPa) (%)

L-1 1557 ± 38 29.7 ± 1 16.2 ± 3 0.41 ± 0.01
L-1̄ 1569 ± 104 29.3 ± 0.6 15.8 ± 2 0.40 ± 0.04

µm respectively. No significant difference in the response of the material can be
observed. The behaviour is almost the same, and the differences are very limited
compared to the results obtained from the build orientation.
Table 3 shows average values and standard deviation for Young's modulus, UTS,
elongation at break and Poisson's ratio.
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Fig. 5 Stress-strain curves for S-PRO families L-1 and L-1̄. Effect of the layer thickness.

3.1.3 Post-curing

As most of the additive manufacturing techniques, the parts manufactured through
PLS require to be exposed to UV light to complete the polymerisation process.
Specimens with 4 different post-curing times are compared herein. Both surfaces of
each specimen have been exposed to the UV light for the same time, so the amount
indicated in the legend has to be split between the two sides. Fig.6 displays the
mechanical responses for families L-1, L-2, L-3, L-4.

UTS is not particularly influenced by the exposure time as shown in Fig.7. In-
creasing the exposure time guarantees a general improvement of all the mechanical
properties until 4 hours as shown in Fig.8.

A decrease in the elongation at break is also shown so that increasing the
exposition time at the UV induces embrittlement of the material. Table 4 shows
average values and standard deviation for Young's modulus, UTS, elongation at
break and Poisson's ratio.
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Fig. 6 Stress-strain curves for S-PRO families L-1, L-2, L-3 and L4. Effect of the post-curing
time.
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Fig. 7 Evolution of the ultimate tensile strength as a function of the post-curing time for
S-PRO.

3.2 X-GREEN resin

3.2.1 Build Orientation

Fig.9 shows the stress-strain curves obtained for X-GREEN samples built along
the different directions. The response exhibits peak stress at the yield, and then
a stress decrease when entering the plastic regime. The peak is very weak for the
longitudinal direction and is more visible for the normal and transverse directions.
It is interesting to observe a softening effect in the plastic regime. This behaviour is
linked to a specific phenomenon occurring during the necking. The material in the
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Fig. 8 Evolution of the Young's modulus as a function of the post-curing time for S-PRO.

Table 4 Average values and standard deviation of Young's modulus, ultimate tensile strength,
elongation at break and Poisson's ratio for S-PRO families L-1, L-2, L-3 and L4.

Post-curing time E UTS Elong. break ν
S-PRO (MPa) (MPa) (%)

L-1 1557 ± 38 29.7 ± 1.3 16.2 ± 2.7 0.41 ± 0.01
L-2 1711 ± 15 31.2 ± 0.8 12.1 ± 4.4 0.46 ± 0.01
L-3 1655 ± 61 32.2 ± 0.9 13.8 ± 2.4 0.48 ± 0.02
L-4 1697 ± 80 30.9 ± 0.7 11.7 ± 0.6 0.44 ± 0.03
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Fig. 9 Stress-strain curves for X-GREEN families L-1, T-1 and N-1. Effect of the build ori-
entation.

neck stretches only to a “natural draw ratio” which is a function of temperature
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10 D. Ambrosio et al.

Table 5 Average values and standard deviation of Young's modulus, ultimate tensile strength,
elongation at break and Poisson's ratio for X-GREEN families L-1, T-1 and N-1.

Orientation E UTS Elong. break ν
X-GREEN (MPa) (MPa) (%)

L-1 1270 ± 83 24.7 ± 2.5 43.6 ± 10.3 0.40 ± 0.02
T-1 1945 ± 52 38.7 ± 1 35.7 ± 8.2 0.40 ± 0.02
N-1 1748 ± 143 30.1 ± 3.3 35.1 ± 1.6 0.40 ± 0.01

and specimen processing, beyond which the material in the neck stops stretching
and new material at the neck shoulders necks down. The neck then propagates
until it spans the full gauge length of the specimen. This process is called drawing.
Not all polymers are able to sustain this drawing process. It occurs when the
necking process produces a strengthened microstructure whose breaking load is
greater than that needed to induce necking in the untransformed material just
outside the neck [27].
The mechanical properties are shown in Table 5. The transverse configuration
features the best mechanical properties; Young's modulus and UTS are clearly
increased compared to the longitudinal configuration (more than 50% higher).
The build orientation, however, does not significantly alter the high ductility of
the material.

3.2.2 Layer Thickness

The influence of the layer thickness for X-GREEN specimens is shown in Fig.10.
Significant differences can be noticed between the two configurations. A lower layer
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Fig. 10 Stress-strain curves for X-GREEN families L-1 and L-1̄. Effect of the layer thickness.

thickness, and consequently a higher number of layers, increases the mechanical
properties of the material. Both curves, however, display strain-softening after the
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Table 6 Average values and standard deviation of Young's modulus, ultimate tensile strength,
elongation at break and Poisson's ratio for X-GREEN families L-1 and L-1̄.

Layer Thickness E UTS Elong. break ν
X-GREEN (MPa) (MPa) (%)

L-1 1270 ± 83 24.7 ± 2.5 43.6 ± 10.3 0.40 ± 0.02
L-1̄ 1456 ± 71 33.0 ± 0.6 39.1 ± 8.7 0.42 ± 0.01

yield stress value and a beginning strain-hardening before the rupture. Table 6
shows average values and standard deviation of Young's modulus, UTS, elonga-
tion at break and Poisson's ratio of the specimens. For this resin, 20% and 13%
difference in strength and elastic modulus are respectively measured between the
two configurations.

3.2.3 Post-curing

The post-curing effect can be analysed from the stress-strain curves shown in
Fig.11.
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Fig. 11 Stress-strain curves for X-GREEN families L-1, L-2, L-3 and L4. Effect of the post-
curing time.

UTS and Young's modulus are reported in Fig.12 and Fig.13 respectively.
Increasing the post-curing time until 4 hours benefits all the material properties.
Comparing UTS and Young's modulus for L-1 and L-4 families, a 49.3% and 12.6%
increase can be observed.

Table 7 displays the improvement of the mechanical properties from 1 to 4
hours. The shape of the curves is similar to the one observed in all the previous
families, so this polymer is also characterised by strain-softening phenomenon af-
ter reaching of the maximum tensile stress and some strain-hardening before the
rupture.
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Fig. 12 Evolution of the ultimate tensile strength as a function of the post-curing time for
X-GREEN.
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Fig. 13 Evolution of the Young's modulus as a function of the post-curing time for X-GREEN.

3.3 ABS resin

3.3.1 Build Orientation

The influence of the build orientation, for ABS specimens, is shown in Fig.14.
The material's behaviour turns to be brittle, for both transverse and normal con-
figurations, as demonstrated by the drastic decrease of the elongation at break.
Specimens manufactured along the normal directions do not show any necking
phenomenon and break before any plasticity develop. For the ABS resin, families
T-1 and N-1 display a brittle behaviour. This significantly differs from the ductil-
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Table 7 Average values and standard deviation of Young's modulus, ultimate tensile strength,
elongation at break and Poisson's ratio for X-GREEN families L-1, L-2, L-3 and L4.

Post-curing time E UTS Elong. break ν
X-GREEN (MPa) (MPa) (%)

L-1 1270 ± 83 24.7 ± 2.5 43.6 ± 10.3 0.40 ± 0.02
L-2 1578 ± 120 32.7 ± 1.4 55.3 ± 4.7 0.41 ± 0.02
L-3 1847 ± 39 36.2 ± 2.4 45.5 ± 14.7 0.40 ± 0.01
L-4 1894 ± 201 36.9 ± 3.2 44.5 ± 11.4 0.40 ± 0.01

Table 8 Average values and standard deviation of Young's modulus, ultimate tensile strength,
elongation at break and Poisson's ratio for ABS families L-1, T-1 and N-1.

Orientation E UTS Elong. break ν
ABS (MPa) (MPa) (%)

L-1 1831 ± 59 35.6 ± 0.9 13.1 ± 3.1 0.40 ± 0.01
T-1 1820 ± 82 34.5 ± 2.6 3.1 ± 0.7 0.41 ± 0.01
N-1 2286 ± 159 30.2 ± 0.6 1.8 ± 0.2 0.39 ± 0.01

ity displayed by the samples built in the longitudinal direction. Table 8 shows all
the results obtained testing these specimens.
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Fig. 14 Stress-strain curves for ABS families L-1, T-1 and N-1. Effect of the build orientation.

3.3.2 Layer Thickness

The influence of the layer thickness is shown in Fig.15. Increasing the number of
layers clearly improves the Young's modulus and UTS which are increased by 16%
and 13% respectively. Table 9 summarizes all the data obtained thanks to the
tensile tests performed on the ABS specimens.
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Fig. 15 Stress-strain curves for ABS families L-1 and L-1̄. Effect of the layer thickness.

Table 9 Average values and standard deviation of Young's modulus, ultimate tensile strength,
elongation at break and Poisson's ratio for ABS families L-1 and L-1̄.

Layer Thickness E UTS Elong. break ν
ABS (MPa) (MPa) (%)

L-1 1831 ± 59 35.6 ± 0.9 13.1 ± 3.1 0.40 ± 0.01
L-1̄ 2131 ± 65 40.2 ± 0.9 13.1 ± 10.8 0.39 ± 0.01

Table 10 Average values and standard deviation of Young's modulus, ultimate tensile
strength, elongation at break and Poisson's ratio for ABS families L-1, L-2, L-3 and L4.

Post-curing time E UTS Elong. break ν
ABS (MPa) (MPa) (%)

L-1 1831 ± 59 35.6 ± 0.9 13.1 ± 3.1 0.40 ± 0.01
L-2 1947 ± 11 38.9 ± 1.1 13.9 ± 6.1 0.40 ± 0.02
L-3 1968 ± 106 40.8 ± 0.9 13.0 ± 3.9 0.40 ± 0.01
L-4 1997 ± 145 46 ± 0.4 13.7 ± 4.3 0.35 ± 0.03

3.3.3 Post-curing time

In Fig.16 the stress-strain curves are shown to study the influence of the post-
curing process on this resin. The curves show a regular increase of the UTS with
exposure time while the Young's modulus and elongation at break, as shown in
Table 10, are almost constant. The curves' shape shows, also for this resin, a strain
softening behaviour of the material. Fig.17 and Fig.18 show the UTS and Young's
modulus value as a function of the post-processing time. It is clear that increasing
the post-curing time improves all the mechanical properties.
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Fig. 16 Stress-strain curves for ABS families L-1, L-2, L-3 and L4. Effect of the post-curing
time.
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Fig. 17 Evolution of the ultimate tensile strength as a function of the exposition time for
ABS.

4 Discussion

The results show the influence of the manufacturing factors on the mechanical
properties at different levels, depending on the studied resin. Fig.19, Fig.20, Fig.21
display the mean value of UTS, Young's modulus and elongation at break for all
the studied families.
Tested S-PRO specimens show well-balanced tough and fragile mechanical prop-
erties. This resin shows a strong dependence on the build orientation. In fact, it
is possible to achieve an improvement of approximately 20% of the Young's mod-
ulus and UTS with the transverse configuration (printing along the x direction),
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Fig. 18 Evolution of Young's modulus as a function of the exposition time for ABS.

while there is only a slight improvement of the mechanical characteristics with
post-curing time. Furthermore, there is no influence of the layer thickness.
The second type of resin, the X-GREEN, shows a ductile mechanical response. The
high elongation obtained in all the tests results from its chemical constitution. In
this acrylate based resin, the polyacrylate chains can slither and wiggle past and
around each other easily thanks to the absence of the extra methyl group [28].
X-GREEN resin is significantly influenced by all the considered factors. Also, for
this resin, the transverse configuration has shown to result in the best mechanical
properties, offering an increase of Young's modulus and UTS of approximately
55% together with a loss of 20% in the elongation at break. Regarding the layer
thickness, in that case, doubling the number of layers increases the values of the
Young's modulus and UTS of approximately 14% and 34% respectively without
any loss in terms of ductility. A continuous increase of all the mechanical properties
with the post-curing time is observed from 1h to 4h with an increase of Young's
modulus and UTS of approximately 50%. For this resin, an elongation at break
of at least 35% has been reached for all the configurations so the ductility of this
resin is not influenced by the considered factors.
The experimental data for the ABS show a rather brittle resin compared to the
other resins. Build orientation plays a fundamental role. The transverse and nor-
mal configurations showed brittle behaviour. For all the test executed on the 3
specimens of the two families, the rupture occurred without any plasticity. Both
thinner layer thickness and higher post-curing period induce an improvement of
the mechanical properties. ABS methacrylate based samples show the highest ten-
sile strength and lowest elongation at break in almost all the analysed cases. They
are characterised by significant behaviour change with the building direction. The
samples display a tough and fragile behaviour when built in transverse and normal
directions, whereas plasticity can develop when built in the longitudinal direction.
This is thought to result from the manufacturing process :

– Samples from family T-1 (transverse direction) are characterized by a very
discretized geometry in the rounded zone of the specimen, which results in
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sudden cross-section changes and thus in huge stress-concentration. Rupture
is always found to occur in this area.

– Samples from family N-1 (normal direction) are contrarily geometrically very
well defined. However, separating the printed sample from the printer base
requires to make use of a razor blade which inevitably introduces scratches at
the specimen surface. Rupture has been found to initiate at these scratches
which thus explain the observed brittle behaviour.

– Only samples build in the longitudinal direction are free of added geometrical
defects resulting from the processing so that plasticity can develop only in
these samples.

This behaviour change with the building orientation is thus thought to be a
good illustration of the particular role of processing on the resulting mechanical
properties of 3D-printed specimens.
The build orientation strongly influences the UTS and Young's modulus [12]. Ac-
cording to [17], the thinner the layer the higher the UTS and Young's modulus.
Lastly, even the post-curing time showed to be responsible for the change in me-
chanical properties. The results agreed with [19] showing how also in PSL-parts
the importance of the post-curing time.
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Fig. 19 Mean value of the ultimate tensile strength for all the families.

5 Conclusions

In this study, the influence of build orientation, layer thickness and post-curing
time on the mechanical properties of parts obtained from different resins with
PSL technique has been presented. Analyzing the results individually on each
resin, in accordance with their behaviour known from the information provided by
suppliers, the following different responses occurred:
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Fig. 20 Mean value of the Young's modulus for all the families.
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Fig. 21 Mean value of the elongation at break for all the families.

– S-PRO has shown to be quite stable, with an effect on the mechanical properties
only of the build orientation (L-1 → T-1), with a noticeable increase on the
UTS and Young's modulus with a slight decrease in elongation at break;

– X-GREEN, always keeping at least 35% of elongation at break, showed to be
strongly influenced by all the factors with a significant increase in UTS and
Young's modulus changing the build orientation (L-1 → T-1) and increasing
the post-curing time (L-1→ L-4). Also, the layer thickness affected tensile tests
confirming that the smaller the layer, the higher the mechanical properties of
the part;

– ABS brittle behaviour was confirmed, with a strong effect of the build orien-
tation, with the breakage of the specimens that occurred before the develop-
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ment of the plastic regime in the transverse and normal configuration. On the
other hand, increasing the post-curing time (L-1 → L-4) and decreasing the
layer thickness (L-1 → L-1̄), an improvement in UTS and Young’s modulus
occurred.

Overall, the build orientation showed a stronger influence on the mechanical
properties independently of the used resin. Layer thickness and post-curing time
influenced X-GREEN and ABS resins in a similar way, although with a different
percentage increase, while they did not affect S-PRO, which showed the most sta-
ble behaviour among the three.
In conclusion, although some common trends between the influences of the various
factors on the mechanical properties have been observed, each resin has demon-
strated its own particular behaviour in relation to the specific studied parameter.
This result, therefore, encourages the mechanical characterization for each new
resin needed in a specific application where parts are obtained through PSL.
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ment of the effect of printing orientation, density, and filler pattern on the compressive
performance of 3D printed ABS structures by fuse deposition, International Journal of
Advanced Manufacturing Technology, 95(5–8).

14. S. Rohde, J. Cantrell, A. Jerez, C. Kroese, D. Damiani, R. Gurnani, L. DiSandro, J. Anton,
A. Young, D. Steinbach and P. Ifju (2018), Experimental Characterization of the Shear
Properties of 3D–Printed ABS and Polycarbonate Parts. Experimental Mechanics, 58(6),
871-884.

15. S. Abid, R. Messadi, T. Hassine, H. Ben Daly, J. Soulestin, and M. F. Lacrampe (2019) Op-
timization of mechanical properties of printed acrylonitrile butadiene styrene using RSM
design, International Journal of Advanced Manufacturing Technology, 100(5-8), 1363-1372.

16. J. Jiang, J. Lou and G. Hu (2019) Effect of support on printed properties in fused depo-
sition modelling processes, Virtual and Physical Prototyping, 14:4, 308-315.

17. K. Chockalingam, N. Jawahar and U. Chandrasekhar (2006) Influence of layer thickness
on mechanical properties in stereolithography, Rapid Prototyping Journal, 12 (2), pp.
106-113.

18. B. Rankouhi, S. Javadpour, F. Delfanian, T. Letcher (2016) Failure analysis and mechan-
ical characterization of 3D printed ABS with respect to layer thickness and orientation, J.
Fail. Anal. Prev. 16 (3) 467-481.

19. N. Chantarapanich, P. Puttawibul, K. Sitthiseripratip, S. Sucharitpwatskul and S.
Chantaweroad (2013) Study of the mechanical properties of photo-cured epoxy resin fab-
ricated by stereolithography process, Songklanakarin Journal of Science Technology, 35,
pp.91-98.

20. R. Hague, (2004) Materials analysis of stereolithography resins for use in rapid manufac-
turing, J. Mater. Sci. 39 (7) 2457-2464.

21. J. Jiang, J. Stringer, X. Xu, and R. Y. Zhong (2018) Investigation of printable threshold
overhang angle in extrusion-based additive manufacturing for reducing support waste.
International Journal of Computer Integrated Manufacturing, 31(10), 961-969.

22. J. Jiang, X. Xu and J. Stringer (2019) Optimization of process planning for reducing mate-
rial waste in extrusion based additive manufacturing. Robotics and Computer-Integrated
Manufacturing, 59, 317-325.

23. Material Safety Data Sheet - S-PRO
24. Material Safety Data Sheet - X-GREEN
25. Material Safety Data Sheet - ABS
26. M. Jerabeka, Z. Major and R.W. Lang (2010) Strain determination of polymeric materials

using digital image correlation, Polymer Testing, 29, pp. 407-416.
27. David Roylance (2001) Stress-Strain curves,Massachusetts Institute of Technology, De-

partment of Materials Science and Engineering.
28. D. K. Chattopadhyay, S. Sankar Panda and K. V. S. N. Raju (2005) Thermal and mechan-

ical properties of epoxy acrylate/methacrylates UV cured coatings, Progress in Organic
Coatings, 54 (1), pp. 10-19.

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Mechanical properties of projection stereolithography-manufactured specimens 21

Appendix

Table 11 Percentage variation of E, UTS and elongation at break for S-PRO families L-1,
T-1 and N-1

E variation (%) L-1 T-1 N-1

L-1 - -29.7 -27.2
T-1 +29.7 - +1.9
N-1 +27.2 -1.9 -

UTS variation (%) L-1 T-1 N-1

L-1 - -17.8 -0.8
T-1 +17.8 - +16.7
N-1 +0.8 -16.7 -

Elong. at break variation (%) L-1 T-1 N-1

L-1 - +42.2 +192.4
T-1 -42.2 - +105.6
N-1 -192.4 -105.6 -

Table 12 Percentage variation of E, UTS and elongation at break for S-PRO families L-1 and
L-1̄

E variation (%) L-1 L-1̄

L-1 - +1.5
L-1̄ -1.5 -

UTS variation (%) L-1 L-1̄

L-1 - -0.8
L-1̄ +0.8 -

Elong. at break variation (%) L-1 L-1̄

L-1 - -2.3
L-1̄ +2.3 -
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Table 13 Percentage variation of E, UTS and elongation at break for S-PRO families L-1,
L-2, L-3 and L-4

E variation (%) L-1 L-2 L-3 L-4

L-1 - -9.9 -6.3 -8.9
L-2 +9.9 - +3.4 +0.8
L-3 +6.3 -3.4 - -2.5
L-4 +8.9 -0.8 +2.5 -

UTS variation (%) L-2 L-3 L-4

L-1 - -4.9 -8.2 -4.0
L-2 +4.9 - -3.1 +0.9
L-3 +8.2 +3.1 - +4.0
L-4 +4.0 -0.9 -4.0 -

Elong. at break variation (%) L-1 L-2 L-3 L-4

L-1 - +33.6 +19.3 +38.6
L-2 -33.6 - -14.0 +3.7
L-3 -19.3 +14.0 - +18.3
L-4 -38.6 -3.7 -18.3 -

Table 14 Percentage variation of E, UTS and elongation at break for X-GREEN families L-1,
T-1 and N-1

E variation (%) L-1 T-1 N-1

L-1 - -53.1 -37.7
T-1 +53.1 - +11.2
N-1 +37.7 -11.2 -

UTS variation (%) L-1 T-1 N-1

L-1 - -56.7 -21.9
T-1 +56.7 - +28.6
N-1 +21.9 -28.6 -

Elong. at break variation (%) L-1 T-1 N-1

L-1 - +22.1 +24.3
T-1 -22.1 - +1.8
N-1 -24.3 -1.8 -

Table 15 Percentage variation of E, UTS and elongation at break for X-GREEN families L-1
and L-1̄

E variation (%) L-1 L-1̄

L-1 - +14.7
L-1̄ -14.7 -

UTS variation (%) L-1 L-1̄

L-1 - +33.7
L-1̄ -33.7 -

Elong. at break variation (%) L-1 L-1̄

L-1 - -11.6
L-1̄ +11.6 -
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Table 16 Percentage variation of E, UTS and elongation at break for X-GREEN families L-1,
L-2, L-3 and L-4

E variation (%) L-1 L-2 L-3 L-4

L-1 - -24.3 -45.4 -49.2
L-2 +24.3 - -17.0 -20.0
L-3 +45.4 17.0 - -2.5
L-4 +49.2 +20.0 +2.5 -

UTS variation (%) L-2 L-3 L-4

L-1 - -32.5 -46.7 -49.3
L-2 +32.5 - -10.7 -12.6
L-3 +46.7 +10.71 - -1.8
L-4 +49.3 +12.6 +1.8 -

Elong. at break variation (%) L-1 L-2 L-3 L-4

L-1 - -26.7 -4.2 -1.8
L-2 +26.7 - +21.6 +24.3
L-3 +4.2 -21.6 - +2.2
L-4 +1.8 -24.3 -2.2 -

Table 17 Percentage variation of E, UTS and elongation at break for ABS families L-1, T-1
and N-1

E variation (%) L-1 T-1 N-1

L-1 - +0.6 -24.8
T-1 -0.6 - -25.6
N-1 +24.8 +25.6 -

UTS variation (%) L-1 T-1 N-1

L-1 - +3.1 +17.8
T-1 -3.1 - -14.3
N-1 -17.8 +14.3 -

Elong. at break variation (%) L-1 T-1 N-1

L-1 - +317.6 +646.9
T-1 -317.6 - +75.8
N-1 -646.9 -75.8 -

Table 18 Percentage variation of E, UTS and elongation at break for ABS families L-1 and
L-1̄

E variation (%) L-1 L-1̄

L-1 - +16.3
L-1̄ -16.3 -

UTS variation (%) L-1 L-1̄

L-1 - +13.0
L-1̄ -13.0 -

Elong. at break variation (%) L-1 L-1̄

L-1 - +0.5
L-1̄ -0.5 -
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Table 19 Percentage variation of E, UTS and elongation at break for ABS families L-1, L-2,
L-3 and L-4

E variation (%) L-1 L-2 L-3 L-4

L-1 - -6.3 -7.5 -9.0
L-2 +6.3 - -1.1 -2.5
L-3 +7.5 +1.1 - -1.4
L-4 +9.0 +2.5 +1.4 -

UTS variation (%) L-2 L-3 L-4

L-1 - -9.6 -14.8 -29.2
L-2 +9.6 - -4.8 -17.7
L-3 +14.8 +4.8 - -12.7
L-4 +29.2 +17.7 +12.7 -

Elong. at break variation (%) L-1 L-2 L-3 L-4

L-1 - -6.1 +0.5 -4.6
L-2 +6.1 - +6.7 +1.4
L-3 -0.5 -6.7 - -5.4
L-4 +4.6 -1.4 +5.4 -
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