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Abstract

3D printing is one of the most progressive additive technologies today. It finds its application also in industry. In terms of mechanical 

properties, the printing design of the product is an important parameter. The presented study investigates the effects of the printing 

design of a thin-walled 3D polymer model on the mechanical properties of the model. The material used for printing was acrylonitrile-

butadiene-styrene (ABS) and the 3D print method was Fused Deposition Modeling (FDM). ABS was tested at various die temperatures 

and with various printing designs at a constant 3D print speed and identical print bed temperature. We examined the effect of printing 

temperature and product printing design on the resulting mechanical properties. We compared theoretical and experimental results by 

CAE–FEM Advanced Simulation modules. Results tensile deformations at maximum load by experiment and simulations are comparable. 

The best results of testing the mechanical properties were found in the pattern printed at a 45° angle at temperature 285 °C.
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1 Introduction
Fused Deposition Modeling (FDM) is one of the most 
popular 3D printing methods. It is an additive manufac-
turing technology that was patented in 1989 by S. Scott 
Crump [1–2]. The term additive manufacturing refers to 
the process by which the product is formed by gradual 
deposition of thin layers on top of one another [3–5]. The 
FDM method makes it possible to create products from 
different types of materials ranging from metals to bio-
logical materials [6–12].

The most widely used polymers that are used for this 
technique include ABS (the acrylonitrile-butadiene-sty-
rene terpolymer) and PLA (polylactic acid) [13–15]. As 
their use in both commercial and non-commercial sec-
tors is ever expanding, it is important to ensure obtain-
ing required mechanical and thermal properties by proper 
selection of 3D print temperatures as well as the print 
bed temperatures, which also have a great impact on 
the resulting product. Finally, choosing the correct print 
speed is crucial. The influence of surface and structure of 
3D models on their mechanical properties was studied by 
numerous scientific groups [16–21].

ABS is one of the most widely used polymers for FDM 
printing. The ABS material itself has been tested by sev-
eral groups [22, 23]. It consists of 15–35 % acrylonitrile, 
5–30 % butadiene and 40–60 % styrene. ABS is gener-
ally rigid, tough, low-absorbent, and non-toxic, individ-
ual types being resistant to low and high temperatures. 
This material is non-biodegradable. It is, however, recy-
clable. It is used for electronic housings and automotive 
bumper parts.

The 3D printed parts have lower strength when com-
pared to parts made by a conventional process like injec-
tion molding. The strength of FDM parts can be increased 
by parameters optimization or by polymer materials rein-
forcement [24, 25]. Their mechanical properties depend 
on the printing parameters [26, 27]. The best tensile prop-
erties are obtained when filaments are oriented longitudi-
nally and parallel to the loading direction, and the worst 
tensile properties are obtained when samples are loaded 
along the build direction due to weak interlayer bonding 
[28, 29]. For ABS samples, the largest ultimate strength 
was observed for 0° raster angle compared to 45° and 
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90° raster angles [30]. The honeycomb is a very com-
mon test structure of 3D models [31]. Build orientation 
has a larger impact on the elastic deformation than print 
orientation [32]. The mechanical properties of the ABS 
material were verified by comparing FDM and injection 
molding. The results show that the choice of FDM param-
eters makes it possible to achieve comparable mechani-
cal properties with conventional methods of processing 
(mold injection) [33]. An interesting application for FDM 
is also testing of various additives into polymeric mate-
rials. Multiwall carbon nanotubes (MWCNTs) as addi-
tives for ABS were tested for electrical and mechanical 
properties [34]. Tensile test results of specimens built in 
different orientations showed that ABS reinforced with 
5 % by weight TiO2 exhibited the highest ultimate tensile 
strength for specimens built in both horizontal and verti-
cal directions with 32.2 and 18.4 MPa, respectively [35].

A suitable tool for subsequent simulation of test 
conditions for prepared samples is Computer Aided 
Engineering–Finite Element Method (CAE–FEM), where 
simulations of both mechanical and thermal properties can 
be performed [36–38]. CAE–FEM is a field of application 
in medicine and industry [39–44], which has numerous 
advantages. It saves time and money, improves designs, 
reduces errors in the design and drawing process, the 
impacts of parameters change on a system can be stud-
ied with more accuracy, and visualization is easy [45]. 
Experimental and simulation results indicate that the 
mechanical behavior of additive manufactured lattice 
structures depends on not only the lattice orientation but 
also the printing direction [46]. In order to promote the 
mechanical analysis and design of 3D printing structures, 
the ultimate tensile strength of FDM PLA with different 
printing angles was studied [47, 48].

This work focused on testing printing design of a 3D 
polymer model with respect to mechanical properties. 
Three types of structure printing design were tested at 
different temperatures of 3D printing while maintaining 
identical speed and temperature of the print bed. 45° and 
90° raster angles were selected and the test structure used 
was honeycomb. The samples were characterized using 
thermal analysis by means of differential scanning calo-
rimeter (DSC), thermal analysis (TGA), mechanical test-
ing and using digital optical microscope. It was done for 
each type of tensile test according to experimental results 
using CAE–FEM Advanced Simulation modules. The 
simulations showed how much the temperature of pro-
duction affects the mechanical properties. Results tensile 

deformations at maximum load by experiment and simula-
tions are comparable at print temperature 285 °C.

2 Experimental part
2.1 Materials
The ABS filaments were obtained from the supplier 
ESUN, Shenzhen, China. The filament has a diameter of 
3.0 mm (accuracy 2.9–3.0 mm).

2.2 Methods
3D printing was performed using a Prusa i3 Plus 3D printer 
with a 0.4 mm nozzle, layer height from 0.05 mm, maxi-
mum speed 200 mm/s, step size in X/Y axis −0.01 mm, 
and the working area of 8000 cm3 (200 x 200 x 200 mm3), 
with an integrated LCD.

Generally, models are created and edited by both para-
metric and nonparametric methods. More complex models 
are created by the method of free surface shaping. For basic 
analyses, CAD diagnostics tools are used, and CAE–FEM 
Advanced Simulation modules serve for advanced analysis. 
In our study, the export of models was done in *.stl format 
(STereoLithography). A Siemens NX CAx CAD module was 
used for new model creating, model editing, model analysis 
and measurement, and export to the post-processing format.

As for post-processing, the creation of ISO–G codes 
with the *.stl format model was performed in Slic3R 
(Prusa i3 Plus), and the nozzle-extruder path was gener-
ated at defined levels with the defined material, tempera-
tures and print speeds. The postprocessor contains infor-
mation on consumed material and print time. ISO G code 
can be created and edited manually; it is a syntax text file.

To test the mechanical properties, an Instron 3345 with 
a load of 5 kN was used. The tensile test was done at the 
speed of 5 mm/min and with the load of 5kN. The bending 
test was performed with the following parameters: speed 
200 N/ min, jaw gap 6 cm, and load 5 kN.

Thermal properties of the used ABS material were ver-
ified with DSC 200 F3 Maia within the temperature range 
from −170 °C to 500 °C. Measurements were performed 
in a nitrogen atmosphere at the heating rate of 10 °C/min. 
The sample weight ranged from 1 to 5 mg.

Thermal Analysis (STA 504) is a method based on the 
measurement of changes in mass thermogravimetry (TG) 
and heat flow Differential thermal analysis (DTA) simul-
taneously, as function of temperature. Measurements 
were performed in a nitrogen atmosphere at a heating 
rate of 20 °C/min, in the temperature range 25–500 °C. 
The sample weight ranged from 5 to 10 mg.
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Viscoelastic properties (melt flow index) of the used 
ABS were characterized by extrusion plastometer Ceast 
with the following parameters: preheating w/o load 240 s, 
test condition: temperature 220 °C, load 10 kg, measuring 
length 10 mm, step length 0.25 mm, measure starting time 
300 s, density of material 1.04 g/cm3; die: diameter-length 
2.095 x 8.00 mm.

Images were taken using a Keyence VHX-6000 opti-
cal microscope with VHX-S600E Free-angle observation 
system (Z motorized). Samples were also characterized in 
terms of surface quality.

2.3 Characterization of material
The ABS material was tested by DSC because it is very 
important to know thermal parameters for the selected 
3D print temperature and the print bed temperature. The 
glass transition temperature (Tg) and heat capacity (Δ Cp) 
were determined by DSC. The glass transition tempera-
ture is expressed as the temperature at which the Gibbs 
free energy is such that the activation energy allows the 
cooperative movement of molecular chain segments to 
slide past each other when a force is applied. When the 
glass temperature has been reached, the stiffness stays the 
same until the temperature exceeds Tg, and the material 
turns rubbery [49]. 

ABS material was tested by thermal analysis. It is very 
important for the process to know a good temperature of 
3D print and temperature of the plate [50].

Determining the melt flow index (MFI) is the second 
important characteristic for the correct 3D printing pro-
cess. This parameter was determined by a MFI measuring 
device and it is defined as the measure of the ease of melt 
flow of thermoplastic material in gram over the course of 
10 min at a certain standard temperature [51]. Melt flow 
rate is an indirect measure of molecular weight, with high 
melt flow rate corresponding to low molecular weight. At 
the same time, melt flow rate is a measure of the ability of 
the material’s melt to flow under pressure. Melt flow rate is 
inversely proportional to viscosity of the melt [52].

Another significant characteristic is the mechanical 
properties of the used material. Samples were character-
ized by tensile testing in form filaments and 3D printed 
samples. These properties were determined by Instron 
3345 with a load of 5 kN. 

The manufacturer declares the following properties of 
the supplied material: density 1.04 g/cm3, melt flow index 
12.0 g/ 10 min, tensile strength 43.0 MPa, elongation at 
break 22.0 % and bending strength 66.0 MPa.

2.4 Preparation of samples
Samples were created using a 3D printer by the FDM 
method. A dogbone was selected as the test product and 
it was tested by ASTM D–638, ISO 527 (Fig. 1). Three 
type filling of samples (Fig. 2) were prepared for the ten-
sile test. Print temperatures were selected between 245–
285 °C and 80 °C for the bed, the print speed was the 
same for all the samples. The samples were printed at the 
angles of 45° and 90° and as honeycomb. The speed of 
3D print was 70 mm/s and the diameter of the nozzle was 
0.4 mm. The thickness of the layer was 0.25 mm [13]. 
The first three layers and the last three layers were always 
printed as rectilinear type for each model. 

2.5 Simulation
The results obtained by testing the prepared samples were 
used to set simulations at the maximum load and a half load 
of the samples. The simulation was performed according 
to the experimental testing using CAE–FEM Advanced 
Simulation modules. Simulations were performed by the 

Fig. 1 Diamensions of sample for tensile test.

Fig. 2 The printing design of the dogbone sample - A - 45° printing 
orientation, B - 90° printing orientation, C - 3D print as honeycomb.
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forces that were actually developed on samples during 
tensile testing. The simulation is based on the application 
of experimentally obtained maximum loads for each sam-
ple type. Other simulations are based on the maximum 
load applied during the experiments.

An identical 3D model of the test specimen is used for 
the simulation test. The assigned material corresponds 
to the modified used material (ABS). The modification 
relates to the modulus of elasticity detected by the test on 
real samples. An identical, non-idealized model is used to 
create the finite element method FEM network. The FEM 
network (Fig. 3) is the same for the entire body, the body 
has not been partitioned because it is a relatively simple 
model and the distribution of the network does not affect 
the accuracy or the calculation time. The mesh is a 3D 
mesh composed of four walls. The size of the element (min. 
2 elements) is chosen to be 2 mm. The greater network 
density is not relevant and will not contribute to increased 
calculation accuracy; on the contrary, singularities may 
occur in curved parts, i.e. irrelevant local evaluation.

Simulation boundary conditions are as follows:
• Fixed attachment of one end of the bar, correspond-

ing to the attachment to the lower stationary jaw of 
the tearing machine.

• Stressing by a defined force tangent to the surfaces 
of the other end of the rod, corresponding to the 
attachment and stress by the upper movable jaw of 
the tearing device.

• The magnitude of the force is chosen to achieve the 
appropriate stress at the yield point determined.

3 Results and discussion
3.1 Characterization of the test material
The ABS terpolymer was determined by MFI measure-
ment. The avg. mass-flow rate was 17.8 g/ 10 min with 
the standard deviation of 0.31 g/ 10 min. The avg. vol-
ume-flow rate was 17.1 cm3/ 10 min with the standard 
of deviation 0.29 cm3/ 10 min. We determined rheologi-
cal data such as shear rate, shear stress and viscosity. The 
shear rate was 31.56 s-1, the shear stress 89 631 Pa and the 
viscosity 2839.82 Pa.s. These parameters are important for 
choosing the diameter of the nozzle and the speed of the 
3D printing itself [53].

The tensile test of the ABS material was performed 
with the following results: maximum load 224.17 N, 
tensile stress at maximum load 31.71 MPa, modulus 
of elasticity 1227.79 MPa and tensile deformation at 
maximum load 4.79 %. The test was run on the ABS 

filament used and was repeated 10 times. The results did 
not match the assumptions based on the material sheet 
from the material supplier.

Thermal properties for this material were determined 
by DSC. The temperature of glass transition was deter-
mined at the value of 114.2 °C and Δ Cp was 0.36 J/(g.K). 
Thanks to these obtained parameters we can then monitor 
the effect of possible degradation under selected 3D print-
ing conditions.

The 3D printing temperatures from 245 °C to 285 °C 
were selected for testing the ABS material. These tem-
peratures were chosen based on TG analysis (Table 1 and 
Fig. 4). The material supplier recommends a print tem-
perature between 220-260 °C. We chose the tempera-
ture range of 245-285 °C for printing since when printing 
below 245 °C, the material did not flow continuously from 
the nozzle. There would be a need for more pressure on it, 
which could result in poor print quality.

Fig. 3 FEM network for 3D model.

Fig. 4 TGA of ABS filament.
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3.2 Characterization of the prepared samples
The following 3D print parameters were selected based on 
testing the ABS material. The samples were prepared at five 
temperatures of 245, 255, 265, 275, and 285 °C, at the con-
stant print bed temperature of 80 °C and the constant speed 
of printing of 70 mm/s. The prepared samples were tested 
by tensile test and by DSC. The results of testing the pre-
pared samples by tensile testing can be seen in Tables 4–6. 
Results of tensile test for the 45° dogbone were as follows 
(Table 2). The lowest values for maximum load, tensile 
stress at maximum load, and Young’s flexural modulus are 
shown in a sample with a print temperature of 245 °C. The 
highest values are shown in a sample with a print tempera-
ture of 285 °C. The only result that was better for a sample 
with a print temperature of 245 °C is the result of tensile 
deformation at maximum load with 3.3 % versus 2.9 % for 
samples with a print temperature of 285 °C. This result cor-
responds to the theory, since at a higher temperature there 
is a slight crosslinking of the double bonds which are in the 
ABS f and thus the toughness increases. This effect domi-
nates the very printing design of the 3D product.

Results of the tensile test for 90° dogbone were as fol-
lows (Table 3). The lowest values for maximum load, tensile 
stress at maximum load, and Young’s modulus are shown 
in a sample with a print temperature of 245°C. The highest 
values are shown in a sample with a print temperature of 
285°C. Unlike the dogbone sample at 45°, which is the most 
compact of all prepared printing designs, the results for ten-
sile deformation at maximum load were better at 285 °C 
print temperature with value 3.9 % against 1.8 % at 245 °C. 
The mechanical properties of the specimen are assumed to 
have a 90° dogbone specimen with lower mechanical prop-
erties than 45° dogbone specimens [54].

Results of tensile test for the honeycomb dogbone were 
as follows (Table 4). The lowest values for maximum 
load, tensile stress at maximum load, and Young’s mod-
ulus are shown in a sample with a print temperature of 
245 °C too. The highest values are shown in a sample with 
a print temperature of 285 °C. Unlike the dogbone sample 
at 45°, which is the most compact of all prepared printing 
designs, the results for tensile deformation at maximum 
load were better at 285 °C print temperature with value 
2.8 % against 1.7 % at 245 °C.

In all cases the temperature 285 °C was achieved by 
samples with the best result of mechanical testing – specif-
ically tensile test. Test results at 285 °C by individual 3D 
printing methods can be seen in Table 5. The best results 
of max. load, tensile stress at maximum and the Young’s 
modulus were found for the dogbone with 3D print at 45°. 
The dogbone with 3D print at 90° had the best result for 
tensile deformation at the maximum load of 3.9 %. The 
results are compared against the used ABS filament mate-
rial (Table 5). Samples exhibit better adhesion of individ-
ual layers with increasing temperature, and therefore also 
better mechanical properties. The results correlate with the 
theory [55] that with increasing processing temperature the 
impact strength values increase. In our case, this theory is 
confirmed by the results of Yong’s modulus of elasticity.

We have used DSC for measuring the temperature of 
glass transition of the products (Table 6). For each system, 
we have measured the following results of glass transition 
temperature, the corresponding thermal capacities of the 

Table 1 Thermal stability results.

Weight loss (wt.%) at temperature (°C) 

Sample 80 245 255 265 275 285

ABS 16.50 23.40 23.70 23.90 24.10 24.50

Table 2 Results of tensile test for 45° dogbone.

Temperature 
of 3D print 

(°C)

Max. 
load 
(N)

Tensile stress 
at max. load 

(MPa)

Young’s 
modulus 
(MPa)

Tensile 
deformation at 
max. load (%)

245 829.1 19.8 997.5 3.3

255 992.7 23.0 1111.7 3.2

265 1131.6 26.6 1243.8 3.2

275 1195.1 28.1 1301.1 3.0

285 1225.9 28.4 1342.1 2.9

Table 3 Results of tensile test for 90° dogbone.

Temperature 
of 3D print 

(°C)

Max. 
load 
(N)

Tensile stress 
at max. load 

(MPa)

Young’s 
modulus 
(MPa)

Tensile 
deformation at 
max. load (%)

245 380.6 9.1 676.8 1.8

255 521.0 12.5 816.8 2.0

265 686.9 16.3 1010.9 2.1

275 816.9 20.1 1115.0 2.6

285 951.1 23.2 1183.1 3.9

Table 4 Results of tensile test for honeycomb dogbone.

Temperature 
of 3D print 

(°C)

Max. 
load 
(N)

Tensile stress 
at max. load 

(MPa)

Young’s 
modulus 
(MPa)

Tensile 
deformation at 
max. load (%)

245 321.3 8.2 559.8 1.7

255 334.4 8.5 582.7 1.8

265 461.2 11.1 691.4 2.1

275 493.4 11.9 703.6 2.5

285 536.1 13.0 731.2 2.8
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thermal process are always given in brackets. In the case 
of ABS, oxidation processes lead to a degradation of the 
material at higher temperatures in the presence of oxygen. 
Mainly the polybutadiene phase (which is in possession of 
reactive double bonds) is affected by oxidation reactions 
[56]. Branching of the PB may occur and the flexibility of 
the strands may decrease [57]. This is manifested by lower-
ing the glass transition temperature and Δ Cp of the product.

All 3D printed samples were also evaluated using a dig-
ital optical microscope. The analysis of the quality of the 
individual layers was carried out always from the side of 
the prepared sample. Fig. 5 shows the compactness anal-
ysis that features red grains, which make the layers less 
compact. This phenomenon is also related to the results of 
mechanical properties testing. At the printing temperature 
of 285 °C., no interplay between the individual layers is 
evident, so the sample is more cohesive, which is also due 
to better mechanical properties. We analyzed area with-
out damages. For samples printed at 245 °C, the result was 
73.68 %; at 255 °C, the result was 98.41 %. Samples printed 
at 265 – 285 °C had values between 99.98 – 99.99 %. As 
the study states, a trial and error process is needed to pro-
duce quality parts, for example, using a 45° angle. Smaller 
angled surfaces are susceptible to defects, but no theoreti-
cal basis is fully defined, so a numerical model is needed. 
The model can predict problem areas in printing, reduce 
experimental prints, and provide more usable parts [58].

3.3 Simulation of tensile test 
CAE–FEM Advanced Simulation modules were used to 
compare the experimental results, simulating the same 
process as the picking device on the individual sample 
types. The load and attachment have been simulated so as 
to bring the attachment in the blasting device as close as 
possible. Samples were always loaded with the maximum 
load (1225.9 N for a dogbone with print at 45°, 951.1 N for 
a dogbone with print at 90°, and 536.1 N for a dogbone 
with honeycomb structure) and with a half load (612.95 N 
for a dogbone with print at 45°, 475.55 N for a dogbone 
with print at 90°, and 268.05 N for a dogbone with honey-
comb structure). You can see all samples of the simulation 
with maximum load in Fig. 6. The printing design of the 
test product was taken into account as opposed to the pro-
cessing temperature for simulations.

The simulation was performed at the highest achievable 
force of 1225.9 N in a dogbone with print at 45° to monitor 
the effect of the defined force on the deformation and stress 
of the specimen that was applied to the dogbone with print 
at 90° of the dogbone with honeycomb structure. These 
simulations have the following results. The sample dog-
bone with print at 90° showed at maximum force values of 

Table 5 Summarized results of tensile test at 285 °C and material before 
3D print.

Method of 
3D print

Max. 
load 
(N)

Tensile stress 
at max. load 

(MPa)

Young’s 
modulus 
(MPa)

Tensile 
deformation at 
max. load (%)

ABS 
filament 224.2 31.7 1227.8 4.8

45° 1225.9 28.4 1342.1 2.9

90° 951.1 23.2 1183.1 3.9

honeycomb 536.1 13.0 731.2 2.8

Table 6 Results of thermal testing.

Temperature of 
3D print (°C) Tg (°C) Δ Cp (J/(g.K))

only filament 114.2 0.360

245 114.0 0.355

255 112.8 0.345

265 112.8 0.344

275 112.7 0.320

285 111.4 0.310

Fig. 5 Compactness analysis for all samples – A - print at 245 °C, 
B – print at 255 °C, C – print at 265 °C, D – print at 275 °C, 

E – print at 285°C
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tensile deformation 3.7 %. The sample dogbone with the 
honeycomb structure showed at maximum force values of 
tensile deformation 2.3 %.

The simulation was done without thermal loading, so 
the results are not affected by the thermal effect of the 
printing design of the 3D product only. The summary 
results can be seen in Table 7 and we can see how much 
the temperature affects the mechanical properties of the 
ABS product. In general, the theoretical results for ten-
sile deformation at maximum load are little higher in case 
the dogbone with print at 90° and honeycomb and lower 
in case the dogbone with print at 45°. From the results 
it can be seen that the correct temperature is influenced 
by the maximum load and stress values. When testing 
deformation at maximum load, the differences between 
experimental measurements and simulations are not so 
numerous.

4 Conclusion
Sample sets were prepared at five printing temperatures 
from 245 °C to 285 °C with a different product structure 
- a dogbone with a honeycomb 3D print structure, a struc-
ture 3D printed at 90° angle, and one 3D printed at 45°. 
First, the product degradation with respect to 3D print 
temperature was verified by the DSC method. As the 3D 
print temperatures rise from 245 to 285°C, there is a slight 
13 % structure change of the ABS structure due to thermal 
loading and pressure on the material. We selected 70 mm/s 
as the 3D printing speed; this has no significant influence 
on the degradation of the product quality. The thickness of 
the layer was 0.25 mm. The quality of the product would 
be greatly influenced by wrong temperature of the bed, but 
as the ABS material has the glass transition temperature 
above 110 °C, the temperature of 80 °C was selected [59]. 
The best tensile test results were shown by the samples 
printed at 285 °C and the sample of a dogbone with 3D 
print at 45° with tensile stress at maximum load 28.4 MPa 
and maximum load by the force of 1225.9 N. The best result 
of the tensile deformation of 3.9 % was achieved by the 
sample with 3D print at 90°. The simulations showed how 
much the temperature of production affects the mechani-
cal properties of the product. The results of tensile defor-
mation at maximum load were comparable.
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Table 7 Comparison of the results of tensile test at maximum load for 
samples – experimental vs. simulation.

Method of 
3D print

Max. load 
(N)

Tensile Deformation at Maximum Load (%)

Experimental at 
285°C print

Simulation without 
thermal loading

45° 1225.9 2.9 3.2

90° 951.1 3.9 3.7

honeycomb 536.1 2.8 2.3

Fig. 6 Simulation with max. load for all samples – 1-A - max. load 
for 45° sample, 2-A - half load for 45° sample, 1-B - max. load for 90° 
sample, 2-B - half load for 90° sample, 1-C - max. load for honeycomb 

sample, 2-C - half load for honeycomb sample
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