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Additive techniques are rapidly advancing due to their availability and ease of use, impacting both the 
industrial sector and individual users. The authors of numerous publications focus on the effects of spe-
cific printing parameters on the strength of models, usually made using selected MEX (Material Extru-
sion) methods. Among the MEX methods, the most frequently chosen are the FFF (Fused Filament 
Fabrication) and FDM (Fused Deposition Modeling) methods. This is due to the high accessibility and 
low cost of devices, as well as the wide availability of polymer materials. In their research, the authors 
increasingly consider the influence of the internal structure of the samples and their density on selected 
strength parameters, often without considering whether these factors influence the geometric accuracy 
of the sample being produced. Therefore, it was decided in the article to conduct research covering the 
indicated subject using the example of standardized samples made of six selected polymers used in the 
FFF method. 
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 Introduction 

Among the MEX methods, which use material ex-
trusion to produce details, the most common is the 
FFF method [1]. This method is frequently used by 
researchers in the field of additive technologies due to 
several factors: the low costs of devices that support 
this technology, the high availability of polymer mate-
rials, and the high flexibility related to the individual 
setting of printing process parameters for defined ap-
plications and requirements resulting from the pur-
pose of the produced model [2-4]. The compositions 
of polymer materials are increasingly modified to 
enhance their strength properties [5, 6]. 

Often in the aspect of scientific publications cove-
ring the FFF technology, there are studies covering the 
influence of selected process parameters on the stren-
gth of details, mainly made of a selected, single poly-
mer material [7-10]. Rao et al. [11] in their studies ana-
lyzed the influence of the printing nozzle temperature 
on the tensile strength of samples made of PLA mate-
rial with the addition of carbon fiber, considering va-
rious internal structures. Similarly, Tran et al. [12], af-
ter performing and describing the studies, found that 
increasing the temperature of the plasticizing nozzle 
during the production of models from ABS improved 
both the tensile and impact strength of the samples. 
Bhosale et al. [13] after analyzing the influence of the 
thickness of the print layer on the surface roughness, 
concluded that with its increase, the roughness also 

increases. Similar conclusions were drawn by 
Bączkowski et al. [14]. Analyzing the studies available 
in the literature, it was found that layer thickness is a 
critical parameter of the printing process [15, 16]. To-
gether with the orientation of the models relative to 
the working platform of the prototyping device [17], 
it significantly affects the strength of the produced 
components [18]. Additionally, in the studies related 
to the strength of elements made using the FFF met-
hod, the influence of the internal structure type, its 
density, and the direction of the fiber arrangement on 
various mechanical parameters in the bending test 
[19], compression [20, 21], tension [13, 22] and torsion 
[23] is often discussed. There are also studies that test 
the mechanical strength of recycled polymer materials 
[24]. However, there is a noticeable lack of studies re-
garding the accuracy of the detail reproduction using 
the FFF method, particularly in relation to the types 
of polymer materials used and the density of the selec-
ted internal structure [25, 26]. 

In connection with the above, an analysis was un-
dertaken of the influence of selected polymer mate-
rials used in the FFF method of internal grid structure 
density on the geometric accuracy of reference 
samples - type 1A, used for the static tensile test, based 
on the PN-EN ISO 527-2:2012 standard [27, 28]. Six 
materials were selected for the tests, two commonly 
used pure materials: ABS (acrylonitrile- butadiene-sty-
rene copolymer) and PLA (polylactide/polylactic 
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acid), two composite materials based on ABS, i.e. 

HABS (hard acrylonitrile-butadiene-styrene copoly-

mer) and PC/ABS (polycarbonates), and two elasto-

meric materials: HIPS (high impact polystyrene) and 

an experimental composite of unknown composition: 

S&S (strong & soft) [29]. 

 Experimental part 

 Samples for testing 

 

Fig. 1 Sample for strength test according to PN-EN ISO 
527-2:2012 (dimensions given in [mm]) [28] 

 

Fig. 2 The applied density of the internal grid-type structure 
on the example of samples made of PC/ABS material a) 

13%; b) 15%; c) 20%; d) 65%; e) 80%; f) 100% 
 
In the studies, the thickness and width of the 

narrow part of the standardized sample shapes used 

for the uniaxial tensile test were considered in the ge-

ometry analysis. Fig. 1 shows the applied dimensions 

of the sample that was tested. The sample was desig-

ned according to the PN EN ISO 527-2:2012 standard 

[27, 28] in a program for spatial modeling and the file 

was exported to the .stl format. Fig. 2 illustrates the 

applied densities of the internal grid-type structure in 

the example of models made of PC/ABS. 

 Polymer materials used for research 

The tested materials, their designations, the densi-

ties of the internal grid-type structure, as well as the 

temperatures of the plasticizing nozzle and the 

working platform, are given in Tab. 1. 

Five samples were made for each density of the in-

ternal grid-type structure and each material (Tab. 1). 

The thickness of a single layer was set to 0.2 [mm]. It 

was assumed that five full layers would be made from 

the top and bottom of the sample. Samples made of 

ABS, HABS, PC/ABS, HIPS, and S&S materials were 

made using the UP BOX+ prototyping device with a 

closed thermal insulation chamber. Due to the de-

vice’s perforated work table, a model support 

structure consisting of five layers was utilized. Due to 

the requirement for intensive cooling of samples made 

of PLA material after applying each layer, they were 

made on the Prusa i3 MK3 device (Prusa Research a.s, 

Prague, Czech Republic). The samples were positi-

oned flat, and horizontally relative to the working plat-

form of the prototyping devices. The arrangement of 

the samples in relation to the working platform of the 

device, taking into account individual axes and mea-

sured parameters, is presented in Fig. 3 in the software 

supporting the Prusa i3 MK3 device. Examples of the 

samples made are shown in Fig. 4. 

 

Fig. 3 Arrangement of samples relative to the working plat-
form of the prototyping device 

 

Fig. 4 Part of the view of sample samples made of PC/ABS 
material with an internal grid structure density of 13%
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Tab. 1 Tested polymer materials [29] 

Material 
Symbol / 

Densities of the internal grid-type structure 
Temperature of the noz-

zle [°C] 
Temperature of the 

working platform [°C] 

ABS 

A13 / 13% 

270 90 

A15 / 15% 

A20 / 20% 

A65 / 65% 

A80 / 80% 

A100 / 100% 

PLA 

L13 / 13% 

210 50 

L15 / 15% 

L20 / 20% 

L65 / 65% 

L80 / 80% 

L100 / 100% 

HABS 

HA13 / 13% 

240 100 

HA15 / 15% 

HA20 / 20% 

HA65 / 65% 

HA80 / 80% 

HA100 / 100% 

PC/ABS 

CA13 / 13% 

260 100 

CA15 / 15% 

CA20 / 20% 

CA65 / 65% 

CA80 / 80% 

CA100 / 100% 

HIPS 

UH13 / 13% 

235 90 

UH15 / 15% 

UH20 / 20% 

UH65 / 65% 

UH80 / 80% 

UH100 / 100% 

S&S 

S13 / 13% 

250 80 

S15 / 15% 

S20 / 20% 

S65 / 65% 

S80 / 80% 

S100 /100% 

 Research methodology 

After the tensile test specimens were made, the 

thickness and width of the narrow part of the speci-

mens were measured using a Levenhuk DTX 90 di-

gital microscope (Levenhuk Poland sp. z o. o., War-

saw, Poland). The width of the sample was measured 

at both ends and in the middle of the narrow part of 

the samples, while the thickness was measured three 

times in the middle of the element. This approach was 

necessary due to the shape of the samples and the li-

mitations of the digital microscope's measuring area. 

The thickness of the narrow part of the specimen was 

measured relative to the Z direction (vertical axis) of 

the prototyping devices. The width of the narrow part 

of the specimen corresponds to the XY plane (hori-

zontal plane) of the devices‘ worktable. An example of 

the thickness measurement for one sample is shown 

in Fig. 5.  

Fig. 5 Example of the thickness measurement for one sample 
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Before starting the geometry measurements of the 
samples, the microscope was calibrated for each ana-
lyzed height across all samples. After obtaining the re-
sults, the average value and standard deviation of the 
measured quantities for each sample were calculated, 
depending on the density of the internal structure and 
the polymer material. To verify and confirm the obta-
ined results, several samples were also measured with 
a LogiLinkWZ0031 digital caliper (LogiLink (Tend-
berg GmbH), Schalksmühle, Germany). 

Fig. 6 illustrates the sample thickness measure-
ments of samples made of tested materials with inter-
nal structure density of grid type equal to 13%. Based 
on them, it was visually observed that the individual 
layer thicknesses varied depending on the orientation 
of the models relative to the worktable of the prototy-
ping device. In samples made of HABS, HIPS, and 

PC/ABS materials (Fig. 6c-e), it was visually determi-
ned that the thickness of individual layers is the same, 
except for the layer directly adjacent to the worktable 
(the bottom of the samples). A similar observation 
was made for samples made of S&S material, where 
the first three layers at the contact point with the work 
platform (Fig. 6f), are optically thicker than the others. 
For models made of ABS and PLA, it was visually ob-
served that the layer thicknesses  were the same (Fig. 
6a-b). Similar properties were also visually noted in the 
other measured research samples with different ap-
plied internal structure densities. 

Fig. 7 shows the measurement of the width of the 
narrow part of the sample. It was found that the edges 
of all samples were clear and sharp. The transparency 
of the samples made from S&S material (Fig. 7f) is re-
lated to the material properties. 

 

Fig. 6 Thickness measurement of samples with an internal structure density of 13% made of the tested polymer materials: a) ABS: 
4.04/4.05/4.03; b) PLA: 3.99/4.04/4.03; c) HABS: 4.03/4.02/4.03; d) HIPS: 4.05/4.08/4.09; e) PC/ABS: 

3.85/3.87/3.86; f) S&S: 4.26/4.27/4.25 (dimensions are given in [mm]) 

 

Fig. 7 Measurement of the width of the narrower part of sample samples with a nominal dimension of 10 [mm]: a) A13: 10.04; 
b) L13: 10.08; c) HA13: 9.90; d) UH13: 10.13; e) CA13: 10.04; f) S13: 9.88 (dimensions are given in [mm]) 
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 Development of measurement results 

After the measurements were performed, sum-
mary tables were prepared to present the obtained re-
sults depending on the polymer material, the density 
of the internal structure, and the measured parameter. 
Below, in Tab. 2, the results examples of the measure-
ment of the width of the narrow part of each of the 

samples made of ABS material are included. In Tab. 3 
and 4, there are average values of the measurements 
performed, respectively related to the width of the 
narrow part of the sample and to the thickness of the 
sample, together with the dimensional deviation deter-
mined by the nominal dimension for all the tested ma-
terials and the considered densities of the internal 
structure.

Tab. 2 Measurement results of the width of the narrow part of the ABS samples with a nominal size of 10 [mm] 

Density of 
the internal 

structure 

Sample 
number 

Measurement results [mm] Arithmetic 
mean [mm] 

Standard 
deviation 

[mm] 

Dimensio-
nal devia-
tion [mm] No. 1 No. 2 No. 3 

13% 

1 10.14 10.04 10.09 10.09 0.04 0.09 

2 10.05 10.03 10.03 10.04 0.01 0.04 

3 10.08 10.03 10.08 10.06 0.02 0.06 

4 10.20 10.18 10.19 10.19 0.01 0.19 

5 10.15 10.14 10.18 10.16 0.02 0.16 

15% 

1 10.16 10.15 10.14 10.15 0.01 0.15 

2 10.20 10.19 10.20 10.20 0.00 0.20 

3 10.13 10.12 10.14 10.13 0.01 0.13 

4 10.16 10.15 10.17 10.16 0.01 0.16 

5 10.16 10.15 10.11 10.14 0.02 0.14 

20% 

1 10.22 10.19 10.15 10.19 0.03 0.19 

2 10.17 10.16 10.17 10.17 0.00 0.17 

3 10.15 10.18 10.16 10.16 0.01 0.16 

4 10.19 10.16 10.18 10.18 0.01 0.18 

5 10.15 10.16 10.14 10.15 0.01 0.15 

65% 

1 10.15 10.12 10.16 10.14 0.02 0.14 

2 10.17 10.18 10.19 10.18 0.01 0.18 

3 10.15 10.13 10.14 10.14 0.01 0.14 

4 10.11 10.14 10.14 10.13 0.01 0.13 

5 10.20 10.19 10.20 10.20 0.00 0.20 

80% 

1 10.15 10.18 10.20 10.18 0.02 0.18 

2 10.17 10.14 10.16 10.16 0.01 0.16 

3 10.21 10.15 10.13 10.16 0.03 0.16 

4 10.17 10.21 10.15 10.18 0.02 0.18 

5 10.16 10.16 10.18 10.17 0.01 0.17 

100% 

1 10.18 10.15 10.16 10.16 0.01 0.16 

2 10.15 10.09 10.12 10.12 0.02 0.12 

3 10.15 10.12 10.16 10.14 0.02 0.14 

4 10.17 10.15 10.15 10.16 0.01 0.16 

5 10.15 10.17 10.19 10.17 0.02 0.17 
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Tab. 3 Measurement results of the width of the narrow part of samples with a nominal size of 10 [mm] 

Material Tested sample 

Average value of the 
width measurement 
of the narrow part of 

the sample [mm] 

Standard devia-
tion [mm] 

Dimensional devi-
ation [mm] 

ABS 

A13 10.11 0.06 0.11 

A15 10.16 0.03 0.16 

A20 10.17 0.03 0.17 

A65 10.16 0.03 0.16 

A80 10.17 0.02 0.17 

A100 10.15 0.02 0.15 

PLA 

L13 10.03 0.02 0.03 

L15 10.03 0.03 0.03 

L20 10.02 0.03 0.02 

L65 10.04 0.02 0.04 

L80 10.06 0.02 0.06 

L100 10.02 0.03 0.02 

HABS 

HA13 10.11 0.08 0.11 

HA15 10.14 0.02 0.14 

HA20 10.17 0.02 0.17 

HA65 10.15 0.02 0.15 

HA80 10.16 0.01 0.16 

HA100 10.15 0.02 0.15 

PC/ABS 

CA13 10.05 0.02 0.05 

CA15 10.08 0.04 0.08 

CA20 10.09 0.03 0.09 

CA65 10.03 0.04 0.03 

CA80 10.03 0.02 0.03 

CA100 10.04 0.03 0.04 

HIPS 

UH13 10.19 0.03 0.19 

UH15 10.18 0.03 0.18 

UH20 10.17 0.07 0.17 

UH65 10.19 0.07 0.19 

UH80 10.18 0.02 0.18 

UH100 10.16 0.02 0.16 

S&S 

S13 9.86 0.02 -0.14 

S15 9.86 0.02 -0.14 

S20 9.85 0.01 -0.15 

S65 9.84 0.01 -0.16 

S80 9.86 0.02 -0.14 

S100 9.85 0.03 -0.15 
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Tab. 4 Results of thickness measurements of the narrow part of samples with nominal dimension 4 [mm] 

Material Tested sample 
Average value of the thickness 

measurement of the narrow 
part of the sample [mm] 

Standard 
deviation 

[mm] 

Dimensional devi-
ation [mm] 

ABS 

A13 4.05 0.03 0.05 

A15 4.05 0.03 0.05 

A20 4.03 0.03 0.03 

A65 4.02 0.03 0.02 

A80 4.02 0.02 0.02 

A100 4.08 0.06 0.08 

PLA 

L13 3.99 0.03 -0.01 

L15 3.95 0.03 -0.05 

L20 3.98 0.04 -0.02 

L65 4.01 0.03 0.01 

L80 3.96 0.04 -0.04 

L100 4.01 0.02 0.01 

HABS 

HA13 4.03 0.02 0.03 

HA15 4.04 0.02 0.04 

HA20 4.07 0.02 0.07 

HA65 4.03 0.02 0.03 

HA80 4.05 0.03 0.05 

HA100 4.04 0.02 0.04 

PC/ABS 

CA13 3.89 0.05 -0.11 

CA15 3.94 0.07 -0.06 

CA20 4.15 0.08 0.15 

CA65 4.11 0.07 0.11 

CA80 4.06 0.09 0.06 

CA100 4.14 0.03 0.14 

HIPS 

UH13 4.06 0.03 0.06 

UH15 4.06 0.03 0.06 

UH20 4.06 0.03 0.06 

UH65 4.06 0.03 0.06 

UH80 4.06 0.02 0.06 

UH100 4.08 0.03 0.08 

S&S 

S13 4.27 0.02 0.27 

S15 4.30 0.06 0.30 

S20 4.23 0.06 0.23 

S65 4.31 0.05 0.31 

S80 4.18 0.16 0.18 

S100 4.28 0.12 0.28 
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To visualize the width and thickness measurement 
results presented in Tab. 3 and Tab. 4, the graphs in 
Fig. 8 and Fig. 9 were developed. 

 

Fig. 8 Results of width measurements of samples made of tes-
ted polymer materials 

 

Fig. 9 The results of the thickness measurements of the 
narrow part of the samples made of six polymer materials 

 Discussion of measurement results 

Samples made of HIPS and S&S materials are cha-
racterized by the lowest manufacturing accuracy in the 

horizontal plane (XY plane) (Tab. 3, Fig. 8). The 
average dimensional deviation for samples made from 
HIPS is 0.18 [mm], while for S&S samples, it is -0.15 

[mm]. On the other hand, the average values of width 

measurements of samples made of PLA material are 

the closest to the nominal dimension (average value of 

dimensional deviation 0.03 [mm]) (Tab. 3, Fig. 8). This 
may be attributed to the fact that samples made of 
PLA material were made on the Prusa i3 MK3 device 
without a thermal insulation chamber due to the need 

for intensive cooling of individual sample layers. 
Among the samples manufactured on the UP BOX+ 
device, samples made of PC/ABS material are charac-
terized by the smallest dimensional deviations 
(average value of dimensional deviation 0.05 [mm]) 

(Tab. 3, Fig. 8). Based on the data presented in Fig. 8, 

it was noted that for samples made of ABS and HABS 
materials, the inaccuracy of mapping also increases 
with the increase in the density of the internal 
structure. On the other hand, for samples made of 

PC/ABS with the density of the internal grid structure 
ranging from 65% to 100%, the dimensional deviation 

decreased by approx. 0.04 [mm] compared to samples 
with densities of 13% to 20% (Tab. 3, Fig. 8). 

Comparing the results of the sample thickness me-
asurements, measured about the vertical axis (Z axis) 

of the prototyping devices (Tab. 4, Fig. 9), it was 

found that the samples made of S&S material are cha-
racterized by the lowest geometric accuracy (average 
value of dimensional deviation 0.26 [mm]) compared 

to the other polymer samples. Similarly to the results 
of the sample width measurement, the accuracy of the 
PLA samples in terms of their thickness is also the 
highest (average value of dimensional deviation -0.02 
[mm]). It is important to note that the results of the 
width measurements of the PLA samples were higher 

than the nominal dimension, in contrast to the results 
of their thickness measurement. The average value of 

the thickness measurement of the CA20-CA100 
samples is higher than the nominal dimension (Fig. 9) 
by approx. 0.11 [mm] (Tab. 4).   

According to the data presented in Fig. 9, the ac-

curacy of manufacturing samples from HIPS material 
regarding the vertical axis of the prototyping device 
does not depend on the density of the internal 

structure. A similar pattern is observable in the mea-
surements of HABS material, although samples made 
from HABS at a 20% internal structure density exhibit 

the highest dimensional deviation among the tested 
densities, measuring 0.07 [mm]. 

The accuracy of mapping elements made of ABS 
and HABS materials in the horizontal plane and in the 
vertical direction is comparable (Fig. 8-9). In the ver-

tical axis, the average value of dimensional deviations 

was smaller (Fig. 9) than in the horizontal plane (Fig. 
8). It was found that the geometric accuracy of the 
sample width (in the horizontal plane) for samples 

made of ABS and HABS materials does not depend 
on the density of the internal structure (Fig. 8). This 

independence is also observed for thickness measure-

ments of HABS samples in the vertical direction (Fig. 
9). On the other hand, for the thickness measurements 

of samples made of ABS, it was noted that accuracy 
improves with increasing density of the internal 
structure, excluding samples with full density (Fig. 9). 

Samples made of HIPS material are characterized 

by greater inaccuracy in the mapping of the geometry 
of the narrow part of the sample in the XY plane (in 
the horizontal plane) (Fig. 8) compared to the accuracy 
of the production concerning the vertical axis (Fig. 9). 
It was also noted that the accuracy of the production 

of samples made of HIPS material is not affected by 

the density of the internal grid-type structure used. 
The thicknesses of all measured samples made of 

S&S material exceed nominal dimension (Fig. 8),  
in contrast to the width measurements (Fig. 8).  
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This indicates that this S&S material is characterized 

by greater linear expansion in the vertical direction 

(average value of dimensional deviation 0.26 [mm]) 

(Tab. 4, Fig. 9) than in the horizontal direction 

(average value of dimensional deviation -0.15 [mm]) 

(Tab. 3, Fig. 8). 

In summary, for both thickness and width mea-

surements of the narrow part of the samples, the 

smallest dimensional deviations are found in models 

made of PLA material, whereas the largest deviations 

are found in S&S samples. However, considering the 

results of measurements of samples made on the UP 

BOX + prototyping device, the highest accuracy of 

reproduction was characteristic of samples made of 

PC/ABS material (Tab. 3-4, Fig. 8-9). 

 Conclusion 

Based on the results of measurements of the geo-

metry of the narrow part of the samples used in the 

tensile test, it was found that the density of the internal 

grid-type structure does not significantly affect the ge-

ometric accuracy of the samples. 

Based on the obtained data, it was noted that for 

samples made of the following materials: ABS, PLA, 

HABS, and HIPS, the average dimensional deviation 

is smaller in the direction of the Z axis (vertical axis) 

compared to the horizontal plane (XY plane) of the 

prototyping device. In contrast, for samples made 

from S&S material, the reverse relationship was obser-

ved. Furthermore, the geometric accuracy of samples 

made of the PC/ABS material is comparable in both 

measured parameters. Based on the conducted tests, it 

was also found that the accuracy of sample reprodu-

ction depends on the properties of the polymer mate-

rial and the accuracy of the prototyping device used. 

To summarize the conducted research, it was 

concluded that the area of future work would be the 

verification of the potential influence of other avai-

lable model filling patterns, such as linear, gyroidal, 

and honeycomb filling, on the geometric accuracy of 

models in the considered additive process. Additiona-

lly, as part of future research, it is planned to imple-

ment further processes for the final processing of mo-

dels, which may also enhance geometric accuracy. The 

authors of the study also plan to produce reference re-

search models taking into account the accuracy of ma-

nufacturing cylindrical, cuboid, and spherical ele-

ments, using other, alternative 3D printers using the 

FFF method, to conduct a comparative analysis of the 

results of measurements of geometric accuracy of mo-

dels manufactured from identical model materials 

using different prototyping devices. 
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