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Abstract

3D-printed artefacts are becoming more common, and the effect of printing parameters on their properties is key to their
performance in applications. Although parameters like build orientation and raster direction are well-studied the effect of
layer thickness is less well-known. This study determines the influence of layer thickness on the mechanical properties of
polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) 3D printed specimens made with fused filament fabrication
(FFF). Samples were printed with differing layer thicknesses and tensile tested according to ASTM D638. The study also
found that when increasing the layer thickness the mechanical properties of the specimens for both ABS and PLA decreased.
When it came to ultimate tensile strength, the effect of layer thickness on PLA was more significant than on ABS. Considering
the mechanical properties as well as aspects such as printing time and simplicity of printing, an optimum print setting could
be determined. The study found that PLA was more significantly affected by the change in layer thickness compared to ABS.

Keywords 3D printing - Layer thickness - Mechanical properties - Fused filament fabrication (FFF) - Polylactic acid

(PLA) - Acrylonitrile butadiene styrene (ABS)

1 Introduction
1.1 Background of the research

The method of producing a three-dimensional object from
a computer-created design (CAD) is known as 3D printing,
which was firstly proposed by Charles Hull in 1980s. [1] The
object is built up layer by layer, creating a three-dimensional
object. The layers are thinly cut cross-sections of the object;
this is an additive process [2]. 3D printing enables more
complex shapes to be produced, using less material than
traditional manufacturing processes. With an estimate of
$55.8 billion by 2027, the market for 3D printed materials
has surged [3]. The advantages of 3D printing, such as its
adaptability for rapid prototyping and the method’s flexibil-
ity, which allows for the production of increasingly sophis-
ticated designs, have raised demand. As a result, 3D printing
may be used in a variety of industries, including automotive,
aerospace, medicine, consumer goods, and many more [4].
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Additive manufacturing technology comes in a variety
of forms. The most popular technology is Fused Filament
Fabrication (FFF), also known as Fused Deposition Model-
ling (FDM). The reason why it is widely used might be its
easy-operating, simplicity, and low cost. [5] The printing
process begins with the melting of a filament, which is then
built up layer by layer with the nozzle. After the first layer
is deposited, the nozzle advances along the z-axis to build
the next layer and so on until the object is produced [6]. The
FFF method is depicted in Fig. 1 as a schematic diagram.

The most popular 3D printing materials are the thermo-
plastic polymers polylactic acid (PLA) and acrylonitrile
butadiene styrene (ABS), with polyethylene terephthalate
glycol-modified (PETG) being less common but finding
applications in water-resistant [7] and repair applications.
The materials are low cost and widely available. Due to its
low cost and ease of use, PLA is the most extensively used
3D printing material. PLA is a biodegradable plastic manu-
factured from corn, wheat, and other crops containing starch
that is both environmentally friendly and helps to conserve
petroleum resources by reducing pollution [8]. Plastic is less
energy-intensive to produce, and it takes less energy to alter
the material throughout the printing process. ABS is a typi-
cal 3D printing thermoplastic which is inexpensive, and easy
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Fig. 1 Schematic representation of the fused filament fabrication
(FFF) process [5]

to process [9]. ABS has a lot of disadvantages, including the
fact that it is not biodegradable [10] and components are
inclined to warp during printing. The warping was caused by
internal stress during the cooling process [11]. The material
is manufactured from non-renewable resources, meaning it
contributes to pollution. Given the current impact of global
warming and climate change on the planet, demand for bio-
degradable materials and more sustainable production pro-
cesses is at an all-time high. PLA and other biopolymers can
be applied in a variety of technological fields. The applica-
tions of each material, as well as the benefits and drawbacks
of using that material to 3D print, are listed in Table 1.

3D printed plastic materials currently have limited uses
due to the naturally poor mechanical characteristics of the
material [15]. The build orientation, printing temperature,
printing speed, and other process parameters can all affect
the material’s mechanical properties. Researchers have stud-
ied the effect of varying these parameters to improve the

Table 1 A summary of PLA and ABS

properties and qualities of the printed samples and high-
lighted the importance of build orientation and raster direc-
tion as the major influencing factor [16]. Layer thickness
is less important but can have a significant effect on the
mechanical strength [17].

The purpose of this research is to investigate the layer
thickness effects of 3D printed material on printed compo-
nents. Different materials and thicknesses will be explored to
gain a greater understanding of how mechanical properties
are affected.

1.1.1 Build orientation

The build orientation is a vital factor that can influence the
overall printing time as well as the material’s mechanical
properties. We have previously reported on the effect of
build orientation and raster orientation in the build plane
as key parameters affecting the mechanical properties of an
FFF 3d printed PLA part [18, 19]. In addition, work per-
formed by Zieman et al. [20] and Cassovola et al. [21] com-
pared build orientations of 0°, 45°, 90°, and +45°/ —45° on
the effect of ABS samples. The studies all resulted in the
same conclusion that the greatest mean yield and ultimate
strengths were obtained with a build orientation of 0°. The
weakest strengths were at an orientation of 90°. This study
kept a constant build orientation to minimise this effect.

1.1.2 Printing speed

Another process parameter that can affect the material’s
mechanical properties is the printing speed. The printer’s
motors, including the X and Y axis control and the extruder
motor, move at a set speed specified by the printing speed.
Miazio [22] investigated the effect of print speed on the
strength of PLA samples manufactured using FDM tech-
nology. From 20 to 100 mm s~!, the printing speed was
increased by 10 mm s~! intervals. The mean breaking
force was calculated using tensile tests. The highest break-
ing force was found to be at the slowest printing speed of
20 mm s~!. The strength of the samples deteriorated as the
speed increased, with the mean breaking force being remark-
ably similar between 50 and 80 mm s~!. Above a speed of

Applications

Advantages

Disadvantages

Polylactic acid (PLA) - Plastic cups
- Medical

implants

- LEGO
- Automotive industry

Acrylonitrile
Butadiene styrene (ABS)

- Biodegradable [8]
- Relatively cheap
- Easier to print

- Affordable
- More suitable for higher tempera- biodegradable [10]
ture applications [13]

- Can lose

structural integrity at higher temperatures
above 60° [12]

-Brittle [12]

- Non-

Emits toxic substance during printing[14]
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80 mm s~!, the material’s strength significantly decreased.
This is because the viscosity of the deposited filament is not
low enough to allow flow at the timescales necessary to form
good inter-filament bonds, and therefore the quality of the
sample produced decreases as the printing speed increases.
The optimum printing speed of 60 mm s~! was determined
to be the greatest in terms of durability and printing dura-
tion. A slower printing speed may result in better mechanical
qualities for the material, but it comes at the expense of a
substantially longer printing time. This study kept a constant
printing speed to minimise this effect.

1.1.3 Printing temperature

The printing temperature, also known as the extrusion tem-
perature, is another process parameter that has a substan-
tial impact on the material’s mechanical characteristics.
The extrusion temperature is the temperature at which the
extruder is heated during the printing process. The tempera-
ture differs depending on the printing material used, such as
PLA or ABS (or the supplier of the filament) as well as other
variables like printing speed.

Hsueh et al. (2021) [23] investigated the effect of print-
ing temperature on the thermal and mechanical properties
of 3D-printed PLA and PETG. To measure the influence,
tension, compression, and bending tests were conducted
on the materials at various printing temperatures. PLA was
heated to a temperature of 180 to 220 °C, whereas PETG
was heated to a temperature of 225 to 245 °C. The study
identified when the printing temperature is increased, the
mechanical properties of both materials improved. This is
because the viscosity of the PLA and PETG melts decreases,
and the fusion between the polymer fuse and the layers
becomes stronger. As a result, the tensile properties of PLA
and PETG improve. Foppiano et al. (2021) found that the
effect of the nozzle temperature (from 220 to 260 °C) on
both Young’s modulus and ultimate tensile strength of ABS
specimens after tensile testing was complex, and they found
the best mechanical properties were at 231 °C [24].

1.1.4 Layer thickness

The mechanical properties of printed samples are greatly
influenced by the layer thickness. As earlier mentioned,
samples are printed layer by layer, with the thickness of
these layers customizable in the printing software. The layer
height indicates the vertical resolution of the z-axis. Greater
surface smoothness is achieved by printing at a thinner layer
thickness; however, the printing time increases. Choosing
a suitable balance between production time and material
strength is crucial in industry. The majority of printers have
an adjustable layer thickness of 0.1 to 0.4 mm.

In a critical review by [25] the following statement was
made: “it was found from the literature that the layer thick-
ness is the most important process parameter influencing the
mechanical characteristics”.

Sharma et al. [26] investigated the influence of layer
thickness on the tensile and compressive strength of ABS.
Layer thicknesses of 0.1, 0.2, and 0.3 mm were investigated.
At a layer thickness of 0.1 mm, the highest tensile strength
of 30 MPa was recorded, while at a thickness of 0.3 mm,
the lowest tensile strength was obtained, giving a reading
of 18 MPa respectively. At a smaller thickness, the layers
are closely deposited over each other together resulting in
better bonding between layers, thus, resulting in greater
tensile strength. The compressive strength of specimens
had the opposite outcome. The compressive strength of the
samples was increased as the layer thickness was increased.
At a layer thickness of 0.3 mm, the greatest compressive
strength was obtained, resulting in 42 MPa. At a layer thick-
ness of 0.1 mm, the lowest compressive strength (33 MPa)
was achieved. This was further supported by Rankouhi et al.
[27] where the effect of layer thickness on the strength of
3D printed ABS was investigated. The research found that
specimens with a thickness of 0.2 mm had higher ultimate
tensile strength than specimens with a thickness of 0.4 mm,
with 32.2 MPa compared to 26.0 MPa.

Research conducted by Samykano et al. [28] investi-
gated the influence of printing parameters on the mechani-
cal properties of ABS. One of the parameters investigated
was the layer height, using values of 0.35, 0.4, and 0.5 mm.
The average ultimate tensile strength is the highest one
(28.0MPa) at the lowest layer height (0.35 mm). Following
the conclusions Sharma et al. [26] and Rankouhi et al. [27]
made, it would be expected that at the largest layer thickness
(0.5 mm) the average ultimate tensile strength would be the
lowest. However, this did not occur, as the lowest average
ultimate tensile strength was obtained at a layer thickness
of 0.4 mm. From the results, it is evident there are fluctua-
tions of ultimate tensile strength when the layer thickness is
increased. A criticism of this research is that only one sam-
ple was used for each layer thickness meaning that the results
were not validated. This may explain why there were fluctua-
tions. To improve this further samples should be tested to
see if the results follow a trend.

These fluctuations were also present in the research per-
formed by Vicente et al. [29] where ABS samples were ana-
lysed through the implementation of tensile tests. Three dif-
ferent values of layer thicknesses were used: 0.06, 0.1, and
0.17 mm respectively. The study found that there was a small
increase in ultimate strength when increasing the thickness
of the layer from 0.06 to 0.1 mm. The largest layer thickness
of 0.17 mm had the lowest tensile strength. One reason for
this is the distortion layers can form at thinner layers, which
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can counteract the improvement of the mechanical charac-
teristics caused by the lower layer thickness.

The change in layer thickness on the mechanical proper-
ties of PLA has also been studied by Jatti et al. [30] The
layer thicknesses investigated were 0.08, 0.16, 0.24, 0.32,
and 0.4 mm. It was found that when increasing the layer
height, the tensile strength decreased. At a greater thick-
ness, fewer layers are causing less adhesion, resulting in a
smaller tensile strength. The impact strength and flexural
strength were also tested, and it was found that the increase
in layer thickness caused an increase in both impact and
flexural strength.

Research conducted by Alafaghani et al. [31] contra-
dicted the findings by Jatti et al. (2019) [30]. The research
investigated the effect of layer height on PLA samples made
using PLA. Layer heights of 0.1, 0.25, 0.3, and 0.4 mm were
studied. The study found that increasing the layer height
improved the mechanical properties of the specimens. These
findings oppose the conclusions made by Jatti et al. [30].

A comparative study by Rodriguez-Panes et al. [32]
investigated the influence of process parameters on the
mechanical behaviour of samples of ABS and PLA. The
variables investigated were tensile strength, modulus of elas-
ticity, and nominal strain. The layer thicknesses used were
0.1 and 0.2 mm. For PLA, the increase in layer height from
0.1 to 0.2 mm caused an 11% decrease in the maximum ten-
sile strength (falling from 38.47 to 34.37 MPa respectively).
The increase in layer height for samples of ABS causes an
8% drop in maximum tensile strength (dropping from 26.40
to 24.40 MPa respectively), showing that there are more
substantial reductions in tensile strength for PLA compared
to ABS. Overall the results show that for both materials a
thinner layer thickness leads to a higher tensile strength.

From the literature reviewed it was found that an increase
in layer thickness caused the tensile strength of PLA and
ABS samples to decrease [26], [30]). When comparing the
work explored by researchers, it was found that the layer
thickness had a greater effect on PLA samples compared to
the ABS samples [32]. It must be noted that the other pro-
cess parameters such as infill density, printing temperature
may have small effects on the strengths so it is important
to keep these parameters consistent. There were however
some contradictions between researchers; a study by Akafa-
ghani et al. [31] concluded that increasing the layer thick-
ness increases the tensile strength of the material. Further
research should take place to further explain and validate
the results.

1.2 Aims and objectives
From the criticisms and the gaps identified in the litera-

ture review, it is evident that there are some conflicting
statements on how layer thickness affects the mechanical
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properties of 3D printed samples of ABS and PLA. This
project aimed to evaluate the performance of ABS and PLA
samples at a range of layer thicknesses, so that the influence
of layer thickness on the mechanical properties could be
further understood.

2 Material and methods

In this project samples printed under identical process
parameters, except layer thickness, were mechanically tested
and compared to determine any systematic variations. No
design of experiments was used as it was assumed that all
process parameters were controlled and would suffer from
no interactions between the driving factors other than layer
thickness.

2.1 Sample production

To produce all the samples the most common type of 3D
printing technology, fused filament fabrication (FFF) was
used. The printer used to print the samples is the Ultimaker
3, which is a dual extrusion 3D printer [33]. Filaments of
brand-new PLA and ABS were then used to produce the
required specimens. The machine code for the 3D printer
was generated using the Ultimaker Cura 4.0 edition. The
printing procedure begins with the creation of a CAD model
of the required specimen. After that, it is converted to an
STL file. The object’s entire geometry is then created by slic-
ing the model into single layers with set parameters like layer
thickness, printing temperature, and so on. These parameters
are then translated to g-code, which is read by the printer
and used to create the required specimen. The specimens
printed were designed following the ASTM D638 Type I
standards [34]. To restrict the influence of uncontrollable
factors on the mechanical characteristics of printed materi-
als, each sample was printed independently three times at
the same position on the bed.

The printing process begins with the melting of a fila-
ment, which is then built up layer by layer with the nozzle.
After the previous layer is deposited, the nozzle moves along
the z-axis to generate the next layer and so on until the speci-
men is completed. The samples were left to cool after com-
pletion, before being removed from the 3D printer. The spec-
imens were printed at a 45° angle. Process parameters such
as printing speed, infill density, and top and bottom layer
numbers were controlled, and the wall thickness and wall
line count were default values from the Cura software. The
nozzle diameter used to print the specimens was 0.4 mm.
The filament used to print the ABS was a white Ultimaker
filament, and for PLA a silver Ultimaker filament was used.
Both filaments were stored in cool and dry conditions and
with a diameter of 2.85 mm. In addition, a set of specimens
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were also printed using an Artillery Sidewinder X1 printer
(Artillery 3d, 2022) [35], and a SUNLU PLA filament [36]
of 1.75-mm diameter was used.

The printing parameters used to create the samples are
displayed in Table 2. The samples were prepared with four
different layer thicknesses (0.12 mm, 0.16 mm, 0.20 mm, and
0.28 mm) to investigate the effect this had on the mechanical
properties. The printing of specimens with a thinner layer
thickness (0.12 mm) took longer than those with a thicker
layer thickness, with the thickest layer thickness (0.28 mm)
having the shortest printing time. For the PLA samples,
printing and build plate temperatures of 205 °C and 60 °C
were used. There were some slight modifications to the
printing parameters when the ABS specimens were to be
produced. ABS requires higher temperatures when printing,
so a print temperature and build plate temperature of 230 °C
and 110 °C were used respectively. In addition, no cooling
fans should be used when printing ABS because it must cool
very slowly; if the print cools too fast it will warp. Also, for
PLA samples at a layer thickness of 0.20 mm, printing tem-
peratures of 200 °C, 205 °C, and 215 °C were used to study
the effect that the printing temperature had on the brand-new
PLA samples. To ensure the results were repeatable, at least
three separate samples were printed for each layer thickness.

2.2 Mechanical testing

Tensile testing is the most common type of mechanical
testing on samples. This is used to determine a material’s
strength and how far it can be stretched before breaking.
ASTM D638 is the most widely used standard for testing
plastic products [34]. Figure 2 depicts the most commonly
used tensile specimens for testing the mechanical properties
of 3D printed materials. There are five different types of
specimens, which are used depending on the thickness of the

Table 2 Process parameters used on Ultimaker 3 to print specimens

Parameter PLA ABS

Layer height (mm) 0.12, 0.16, 0.20, 0.28 0.12,0.16, 0.20, 0.28
Wall line count 2 2

Top/bottom thickness  0.12, 0.16, 0.20, 0.28 0.12, 0.16, 0.20, 0.28
(mm)

Top/bottom layers 1 1

Infill density (%) 100 100

Infill pattern Grid Grid

Printing temperature 205 230
|9

Build plate temperature 60 110
O

Printing speed (mm/s) 60 60

Fan speed (%) 100 0

Build plate adhesion Skirt Raft
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Fig.2 Diagram of the different types of ASTM D638 specimens [34]

material. The tensile testing machine grips the end of each
specimen and applies tension until it breaks. When a tensile
force is applied to the sample, the gauge section is thinner
than the shoulders, resulting in stress concentration in the
centre. The likelihood of the sample rupturing in the centre
increases as the concentration rises, indicating that the mate-
rial has reached its maximum tensile strength.

The samples were printed in accordance with the ASTM
D638 standards, as shown in Table 3. The printed specimens
were measured accurately using a Vernier digital calliper. A Shi-
madzu AG—X machine, which was equipped with a 10 kN load
cell, was used to tensile test the printed samples. Figure 3 depicts
a labelled diagram of the Shimadzu AF-X testing equipment,
which was fitted with the Trapezium X software. The test was
run on the computer after each specimen was placed between
the grips. Force (N), Stroke (mm), Stress (N/mm?), Stroke Strain
(percent), Strain (percent), and Display data are provided by the
software (mm). The specimens were tested at a speed of 5 mm/
min. The data was saved at the end of each test, and the broken
specimen was removed and replaced with another. This was
done for all PLA and ABS specimens. The data was saved as an
Excel CSV file, which could be used to analyse the specimen

Table 3 Dimensions of printed test specimens in accordance with
ASTM Type I standards

Dimen-

sions

(mm)
W—Width of narrow section 13
L—Length of narrow section 57
G—Gauge length 50
D—Distance between grips 115
LO—Length overall 165
WO—Width overall 19

@ Springer
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Fig.3 Setup for tensile testing

results. This test method allows for the creation of a stress—strain
curve, which can then be utilised to determine the point at which
the material failed. The stress—strain curve enables the calcula-
tion of the ultimate tensile strength, Young’s modulus, and the
breaking strain. The mechanical properties that will be evaluated
are listed in Table 4.

3 Results and discussion

After gathering the data from tensile testing, the results were
then thoroughly analysed to conclude the effects of the pro-
cess parameters on the printed specimens. The mechanical
properties of the materials determined were the ultimate

tensile strength, Young’s modulus, and the breaking strain.
They were calculated from the data recorded using the
stress—strain curves. As at least three specimens were printed
for each layer thickness, the mechanical properties for each
specimen were determined, and then an average value was
calculated. This was then used to evaluate the influence of
printing temperature on PLA and the effect of layer thick-
ness on PLA and ABS. The effect of layer thickness on the
mechanical properties of PLA and ABS was then compared.

3.1 Effect of printing temperature on PLA

On PLA specimens printed with the SUNLU filament, the
influence of printing/extrusion temperature was examined.
The same settings as in Table 2 were used, except the layer
thickness was kept constant at 0.20 mm; 200 °C, 205 °C,
and 215 °C were the printing temperatures tested. The
mechanical properties of the specimens declined when the
printing temperature was increased, according to the find-
ings. When the temperature was raised, the ultimate tensile
strength decreased, as seen in Fig. 4. The greatest ultimate
tensile strength, 18.2+ 1.1 MPa, was obtained at a print-
ing temperature of 200 °C, whereas the smallest ultimate
strength was recorded at the hottest temperature of 215 °C,
attaining a value of 12.1 +0.4 MPa respectively. This could
be explained by a higher extrusion temperature causing an
increase in molten plastic fluidity, causing the filaments
to lose their viscosity and void, lowering the mechanical
properties of the specimens. Young’s modulus was also
determined, yielding similar values of 1700 +27 MPa

Table 4 Definitions of the

. . . Property
mechanical properties being

Definition

assessed Ultimate tensile strength

Young’s modulus

Breaking strain

The resistance the material has to breaking under tension
Measures the tensile stiffness of a material when the force is applied

The amount of strain that will cause the material to break

Fig.4 Printing temperature
vs ultimate tensile strength for
SUNLU PLA

Ultimate Tensile Strength
(MPa)
>
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and 1770+ 62 MPa at temperatures of 200 °C and 205 °C
respectively. Similarly, to the ultimate tensile strength, at
the hottest printing temperature of 215 °C, the lowest value
of Young’s modulus was recorded, achieving a value of
866 + 77 MPa respectively. The plot of printing temperature
against Young’s modulus is shown in Fig. 5. The breaking
strain was also evaluated, although no significant trend for an
increase in printing temperature could be found, as shown in
Table 5. The effect of extrusion temperature on mechanical
characteristics of 3D printed specimens was also examined
by Alafaghani et al. (2017) [31]. The study employed lower
temperatures of 175 °C, 180 °C, and 205 °C and discov-
ered that increasing the printing temperature improved the
specimen’s mechanical properties. At around 200 °C there
was little or no change in Young’s modulus and ultimate
tensile strength. However, when the temperature was raised
to 205 °C, the mechanical characteristics began to gradu-
ally deteriorate, thus supporting the results that were found
during this project. Further research could be performed by
using a wider range of printing temperatures such as 180 °C
and 190 °C to see the effect this has on the mechanical prop-
erties. This would allow for a clearer trend to be seen and
enable the recognition of which printing temperature pos-
sessed superior mechanical qualities.

3.2 Effect of layer thickness on mechanical
characteristics

Four different layer thicknesses of printed ABS and PLA
were examined, and the results were compared to evaluate
which material was more affected by the layer thickness
variation. The results demonstrated that the best mechani-
cal qualities were found at the thinnest layer thickness of
0.12 mm, as seen in PLA printed with the Ultimaker fila-
ment and SUNLU filament, with ultimate tensile strengths
0f 39.9+2.3 MPa and 21.2 + 5.9 MPa respectively. How-
ever, for the ABS specimens, the difference in mechanical
characteristics was very small when the layer thickness
was increased.

Fig.5 Printing temperature vs
Young’s modulus for SUNLU
PLA

Young's Modulus (MPa)

195 200

Table 5 Mechanical properties of PLA at a layer thickness of
0.20 mm printed at different printed temperatures

Young’s modu- Ultimate tensile Breaking strain, &

lus (MPa) strength (MPa)
200 oC 170027 182+1.1 0.0147+0.0018
205 oC 1770+ 62 16.2+1.3 0.0113+0.0016
215 oC 866 +77 12.2+0.5 0.0154 +0.0020

3.3 Effect of layer thickness on PLA

3.3.1 Effect of layer thickness on PLA printed using SUNLU
filament

PLA was printed on an Artillery Sidewinder X1 printer
using SUNLU filaments at layer thicknesses of 0.12, 0.16,
0.20, and 0.28 mm. The results displayed that when the layer
thickness was increased the ultimate tensile strength of the
material decreased as evident in Fig. 6. At the thinnest layer
thickness of 0.12 mm, the ultimate strength was recorded to
be 21.2+5.9 MPa respectively. The ultimate tensile strength
at the thickest layer thickness of 0.28 mm was calculated
to be a much smaller 8.70 +0.28 MPa. This was expected
since the layers are deposited over each other more densely
at a thinner layer thickness than at a thicker layer thickness.
As a result, layer bonding is improved, and tensile strength
is increased. In addition, thinner layers also improve the
overall finish of the specimen. Young’s modulus was also
calculated at all layer thicknesses (Fig. 7), but no clear trend
could be seen from the results; the largest Young’s modulus
was determined to be 1297 + 61 MPa which was obtained
at a layer thickness of 0.20 mm. At the greatest layer thick-
ness of 0.28 mm, Young’s modulus was calculated to be the
smallest, giving a value of 529+ 51 MPa respectively. Fig-
ure 8 depicts the influence of layer thickness on the breaking
strain of the SUNLU PLA filament, demonstrating that as
layer thickness increases, the breaking strain value decreases
(Table 6). The findings were also supported by the work
of Jatti et al. [30], where the effect of layer height on the
mechanical properties of PLA was studied. The study found

Printing Temperature vs Young's Modulus at

0.20 mm Layer Thickness
-... @
s
205 210 215 220

Printing Temperature (oC)

@ Springer



3658 The International Journal of Advanced Manufacturing Technology (2023) 126:3651-3665

Fig.6 Layer thickness versus
ultimate tensile strength for
PLA printed with SUNLU
filament

- = NN W
wn O wn O wn O

Ultimate Tensile Strength (MPa)

o
=

that the tensile strength of the specimens decreased with the
increase in layer height.

3.3.2 Effect of layer thickness on PLA printed using
Ultimaker filaments

On an Ultimaker 3 printer, PLA filaments were used to print
PLA at layer thicknesses of 0.12, 0.16, 0.20, and 0.28 mm.
When analysing Young’s modulus at various layer thick-
nesses, it was apparent that no distinct pattern could be
seen. The greatest value for Young’s modulus is recorded
at the largest layer thickness of 0.28 mm, yielding a value
of 2292 +78 MPa respectively (Fig. 9). The second greatest
value, 2170+ 162 MPa, was recorded at the smallest layer
thickness of 0.12 mm, indicating that no clear conclusion
could be made about the effect of layer thickness on Young’s
modulus for specimens printed using PLA. Figure 10 illus-
trates the influence of layer thickness on the breaking strain,
and the figure indicates that the breaking strain of the speci-
men decreases when the layer thickness is increased. The
thinnest layer thickness of 0.12 mm gave a breaking strain
value of 0.0244 +0.0009 respectively, whereas at the larg-
est layer thickness of 0.28 mm a much smaller value of
0.00164 +0.0007 was recorded for the breaking strain. This
supports the argument that the mechanical characteristics of

Fig.7 Layer thickness against
Young’s modulus for PLA
printed with SUNLU filament 1400
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3D printed objects deteriorate as layer thickness increases.
Figure 11 illustrates how the ultimate tensile strength is
impacted by changes in layer thickness. The highest ulti-
mate tensile strengths were obtained at the thinnest layer
thicknesses of 0.12 mm and 0.16 mm, giving similar values
of 39.9+2.2 MPa and 39.3 +0.7 MPa respectively. When
specimens with a layer thickness of 0.28 mm were examined,
the ultimate tensile strength reduced dramatically, with a
result of 31.8 + 1.2 MPa recorded (Table 7).

When the mechanical properties of PLA printed with the
Ultimaker filament and PLA printed with the SUNLU fila-
ment were compared, it was clear that the PLA printed with
the Ultimaker filament had superior mechanical character-
istics. The values for Young’s modulus were considerably
greater at all layer thicknesses for the Ultimaker filament
compared to using the SUNLU filament. Also, when com-
paring the ultimate tensile strengths of both filaments, the
Ultimaker filament possessed much greater strengths ranging
from 39.9 to 31.8 MPa, contrasting with significantly smaller
strengths of 21.2 to 8.70 MPa for the SUNLU filament. This
was to be expected because the Ultimaker filaments are
more expensive and designed for mechanical applications,
whereas the SUNLU filaments were a cheaper alternative
that was a general-purpose filament. It should also be noted
that the breaking strain of the SUNLU filament was greater

Layer Thickness vs Young's Modulus
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Fig.8 Layer thickness versus
breaking strain for PLA printed

with SUNLU filament 0.05

0.04 }

0.02
0.01

Breaking Strain, &

0.1

Table 6 Mechanical properties of PLA printed using SUNLU fila-
ment at a range of layer thicknesses

Young’s mod-  Ultimate tensile Breaking strain, &

ulus (MPa) strength (MPa)
0.12 mm 636+ 64 21.2+59 0.0382+0.0052
0.16 mm 1297 +61 20.6+2.2 0.0213+0.0015
0.20 mm 866+77 12.2+0.5 0.0154 +0.0020
0.28 mm 529+51 8.7+0.3 0.0014 +0.0036

than the Ultimaker filament at the thinnest layer thickness,
which was unexpected considering the breaking strain of the
Ultimaker filament was greater at all other layer thicknesses.
In industry, finding the best balance between printing costs
and material mechanical qualities is critical, with superior
mechanical properties requiring more expensive filaments.

3.4 Effect of layer thickness on ABS

The other material that was investigated was ABS,
which was printed using an Ultimaker filament. As with
PLA, the specimens were printed using a range of layer
thicknesses; the printing temperature was increased to

Fig.9 Layer thickness versus
Young’s modulus for PLA
printed using the Ultimaker

filament 2400
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1800
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Layer Thickness vs Breaking Strain
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Layer Thickness (mm)

230 °C as ABS requires a higher printing temperature.
As conducted previously with PLA, Young’s modulus,
ultimate tensile strength and the breaking strain were
all calculated at the different layer thicknesses used;
this can be seen in Figs. 12, 13, and 14. When analys-
ing Fig. 14, it was evident that when increasing the
layer thickness the breaking strain of ABS declined.
The thinnest layer thickness (0.12 mm) recorded a sig-
nificantly higher breaking strain than that of a layer
thickness at 0.16 mm, a greater 0.0378 +0.0021 com-
pared to 0.0280 + 0.0006. However, the decline in
breaking strain from 0.16 to 0.20 mm was significantly
less substantial, with virtually similar values measured.
This was also the same for the increase in layer thick-
ness from 0.20 to 0.28 mm with a very small decline
recorded. This is corroborated by a study conducted by
Rankouhi et al. [27], which examined the effect of layer
height on the mechanical properties of ABS. The study
found that specimens with thinner layer heights had bet-
ter mechanical properties than those with thicker layer
heights. Figure 12 shows the calculation of Young’s
modulus at each layer thickness. It is evident from
the graph that no conclusion could be made about the
impact of layer thickness on Young modulus for ABS
due to the fluctuation of results.

Layer Thickness vs Young's Modulus
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Fig. 10 Layer thickness
against breaking strain for PLA
printed using Ultimaker fila-

0.027
ments

0.024
0.021

0.018

Breaking Strain, €

0.015
0.1

Fig. 11 Layer thickness against
ultimate tensile strength
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The relationship between layer thickness and ultimate
tensile strength was also studied (Fig. 13). The ultimate
tensile strength is expected to decrease as the layer thick-
ness increases. This was only apparent when the layer
thickness was increased from 0.16 to 0.28 mm, and the
reduction in ultimate tensile strength was minimal. The
ultimate tensile strength at 0.16 mm was determined
to be 26.2 +2.0 MPa, which was nearly comparable
to the ultimate tensile strength at 0.28 mm, which was
25.9 + 1.0 MPa respectively. This shows that increasing
the layer thickness had a small effect on the ultimate ten-
sile strength of ABS. One result, however, did not fol-
low the pattern. The lowest ultimate tensile strength,

Table 7 Mechanical properties of PLA printed using Ultimaker fila-
ment at a range of layer thicknesses

Young’s mod-  Ultimate tensile Breaking strain, &

ulus (MPa) strength (MPa)
0.12 mm 2170+ 162 399423 0.0244 +0.0009
0.16 mm 2093+ 177 39.3+0.7 0.0223 +0.0020
0.20 mm 2144 +62 34.8+0.2 0.0020+0.0008
0.28 mm 2292+78 31.8+1.2 0.0016 +0.0007
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24.6 +2.9 MPa, was measured at the smallest layer thick-
ness of 0.12 mm. One reason this result is likely to have
occurred is due to the printing problems that developed
when printing specimens of ABS at a layer thickness of
0.12 mm. The original printing temperature for all ABS
layer thicknesses was 235 °C, but issues were encoun-
tered when attempting to print the specimens. After mul-
tiple printer failures, the temperature was reduced by 5 to
230 °C. This worked for 0.16, 0.20, and 0.28-mm layer
thickness specimens. When attempting to remove the
specimen from the support raft for a layer thickness of
0.12 mm, problems developed. The first two specimens
printed had to be discarded since the raft could not be
removed. Due to the impossibility of removing the raft
without damaging the specimen, it was decided that a scal-
pel would be used on the specimen. The scalpel was used
to remove all excess parts of the raft, essentially cutting
out the shape of the dog bone sample. This was effective
for getting the correct shape; however, the scalpel was
unable to remove parts of the raft that were attached to the
bottom side of the specimen. This effectively meant the
overall thickness of the specimen was slightly more than
what was anticipated, thus causing different values to be
calculated for the mechanical properties (Table 8).
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Fig. 12 Layer thickness versus
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Table 8 Mechanical properties of ABS printed at a range of layer
thicknesses

Young’s mod-  Ultimate tensile Breaking strain, &

ulus (MPa) strength (MPa)
0.12 mm 860+204 24.6+29 0.0378 +£0.0021
0.16 mm 1176 +88 26.2+2.0 0.0280 +0.0006
0.20 mm 1135+40 26.0+1.0 0.0273+0.0013
0.28 mm 1260+51 259+1.0 0.0025 +0.0005

3.5 Comparison of ABS and PLA

To evaluate the performance of the ABS and PLA speci-
mens, a direct comparison could be made by plotting the
results from the tensile tests on the same graph. This would
reveal whether the mechanical properties of one of the mate-
rials were more influenced by the change in layer thickness.
The first figure plotted was Fig. 15 which compared Young’s
modulus of the materials; no real trend was evident for the
layer thickness effect on Young’s modulus for both materi-
als. It was evident that Young’s modulus for PLA speci-
mens was far greater than that of the ABS. The influence
of layer thickness on ultimate tensile strength was another

Fig. 15 A comparison of the
effect of layer thickness on
Young’s modulus for PLA and

comparison studied. Figure 16 shows that increasing the
layer thickness had a bigger impact on the ultimate tensile
strength of PLA than ABS. In comparison to the extremely
minor reductions for the ABS material, the PLA material
showed a more significant decline between each value of
layer thickness. This can also be expressed numerically, as
illustrated in Tables 9 and 10, which determine the percent
loss in ultimate tensile strength with increasing layer thick-
ness. PLA was significantly influenced more than ABS at all
intervals, according to the tables. Furthermore, PLA speci-
mens had higher values for ultimate tensile strength, which
is to be expected given the fact that PLA filaments have a
higher tensile strength than ABS filaments. Increasing the
layer thickness resulting in a reduction in tensile strength has
been reported before as part of a statistical analysis based
on database assessment [37], but this work has highlighted
different behaviour depending on the material type.

The breaking strains of each material were then plotted,
(Fig. 17) and it was again found that there was a greater
effect on the PLA specimens compared to the ABS speci-
mens. However, there was a greater decrease in breaking
strain for the ABS specimen when increasing the layer
thickness from 0.12 to 0.16 mm, decreasing 26% in con-
trast to the substantially lower 9%. PLA specimens were
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Table 9 The percentage decrease for the ultimate tensile strength and
breaking strain between each layer thickness for specimens made of
ABS

Table 10 The percentage decrease for the ultimate tensile strength
and breaking strain between each layer thickness for specimens made
of PLA

Ultimate tensile % decrease Breaking % decrease

Ultimate tensile % decrease Breaking % decrease

strength (MPa) strain, € strength (MPa) strain, &
0.12mm 24.6 0 0.0378 0 0.12mm 39.9 0 0.0244 0
0.16 mm 26.2 -6 0.0280 26 0.16 mm 39.3 1 0.0223 9
0.2mm 26.0 0.7 0.0273 3 0.2mm 348 12 0.00198 11
0.28 mm 25.9 0.5 0.0248 0.28 mm 31.8 9 0.00164 17

more affected than ABS specimens by all other increments
in layer thickness. The graph also shows that the breaking
strain for ABS is much higher than PLA, with higher values
at all layer thicknesses. To do a further comparison of the
effect on the materials, calculations of the decrease between
0.16 and 0.28 mm were made. The reason 0.12 mm was
not used is that, as previously stated, printing ABS speci-
mens at this layer thickness caused difficulties, which could
have affected the results. Therefore, it would be unfair to
make the comparison using this layer thickness so 0.16 mm
was chosen. The mechanical properties compared were the
ultimate tensile strength and the breaking strain. Young’s
modulus was not compared due to the large fluctuation in
the results meaning no clear trend was evident for both
materials. Table 11 below presents the % decrease of ulti-
mate tensile strength and breaking strain for ABS and PLA
when increasing the layer thickness from 0.16 to 0.28 mm.

The mechanical properties of PLA specimens were
affected more than those of ABS specimens, as shown in
the table. PLA specimens decreased 18% more than ABS
specimens when comparing ultimate tensile strength. Fur-
thermore, the PLA specimens’ breaking strain percent
decrease was considerably greater than the ABS specimens,
with a 27% decline compared to an inferior 11%. As a result,
the influence of layer thickness on mechanical properties
is stronger in the material PLA than in the material ABS.
This could be further supported by the work of Rodriguez-
Panes et al. [32] where the influence of process parameters

Fig. 17 A comparison of the
effect of layer thickness on the
breaking strain of PLA and
ABS
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on the mechanical behaviour of samples of ABS and PLA
was investigated. The study used layer heights of 0.1 and
0.2 mm and found that there was an 11% decrease in ulti-
mate tensile strength for PLA specimens when increasing
the layer height. This value is very similar to the 13% decline
found in this project when increasing the layer height from
0.12 to 0.20 mm for PLA specimens. The study found that
there was a greater effect on the mechanical properties of
PLA compared to ABS.

4 Summary and conclusions

The impact of layer thickness on the mechanical properties
of PLA and ABS 3D printed specimens made with FFF was
investigated in this work. The specimens were printed at a
range of layer thicknesses and tested in compliance with
ASTM D638 standards (Type I). The study found that when
increasing the layer thickness the mechanical properties of
the specimens for both ABS and PLA decreased. No effect
on Young’s modulus with layer thickness was observed for
both materials. As the layer thickness was raised, the value
of breaking strain dropped, which was true for both the PLA
and the ABS. When the thickness of ABS was increased
from 0.16 to 0.28 mm, the breaking strain decreased by
11%, whereas PLA’s strain decreased by a more significant
27%. When it came to ultimate tensile strength, the effect of
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Table 11 The percentage decrease for the ultimate tensile strength
and breaking strain between a layer thickness of 0.16 and 0.28 mm
for both PLA specimens and ABS

ABS PLA
Ultimate tensile strength 1% 19%
Breaking strain 11% 27%

layer thickness on PLA was once again more significant than
ABS. To summarise, the major objective of this research
was to explore the influence of layer thickness on 3D printed
specimens and compare the mechanical test results to see if
one material is more affected than the other. The study found
that PLA was more significantly affected by the change in
layer thickness compared to ABS.
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