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Abstract: The influence of 3D printing parameters on compressive properties is an important
factor in the application of additive manufacturing processes for products subjected to compres-
sive loads in use. In this study, the compressive strength and compressive modulus of acryloni-
trile/butadiene/styrene (ABS) test specimens fabricated using the fused deposition modeling (FDM)
process were investigated with the aim of producing products of high-heeled shoes for women. The
experimental part of the study includes a central composite experimental design to optimize the
main 3D printing parameters (layer thickness, infill density, and extrusion temperature) and the infill
geometry (honeycomb and linear at a 45◦ angle—L45) to achieve maximum printing properties of
the 3D-printed products. The results show that the infill density has the greatest influence on the
printing properties, followed by the layer thickness and, finally, the extrusion temperature as the
least influential factor. The linear infill at a 45◦ angle resulted in higher compressive strength and
lower compressive modulus values compared to the honeycomb infill. By optimizing the results, the
maximum compressive strength (that of L45 is 41 N/mm2 and that of honeycomb 35 N/mm2) and
modulus (that of L45 is 918 N/mm2 and that of honeycomb is 868 N/mm2) for both types of infill
is obtained at a layer thickness of 0.1 mm and infill density of 40%, while the temperature for L45
can be in the range of 209 ◦C to 254 ◦C, but for the honeycomb infill, the processing temperature is
255 ◦C. Additionally, the study highlights the potential for sustainable manufacturing practices and
the integration of advanced 3D printing technologies to enhance the efficiency and eco-friendliness
of the production process.

Keywords: acrylonitrile/butadiene/styrene polymer; central composite design; compressive
properties; fused deposition modeling; footwear; processing parameters; optimization

1. Introduction

One of the additive manufacturing (AM) techniques that enables the production of
complicated geometry in a short time or low-volume production without additional tooling
is material extrusion with filaments (MEX) [1,2].

Products made with the FDM process must withstand mechanical stresses and envi-
ronmental conditions encountered during use and production. Therefore, much attention
is currently focused on understanding the desired and/or necessary mechanical properties
of 3D-printed products [3]. The broader scientific community is conducting numerous
studies and extensive research on the impact of mechanical properties on new product
development or in terms of intended end use [4]. The predicted growth of the global
additive manufacturing (AM) market has an impact not only on the economic aspect but
also on the increasing research into the sustainability aspect of the production process and
the environmental and social impact of AM [5]. Its effectiveness is demonstrated by its
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ability to reduce or avoid excess material and unnecessary waste, which has a positive
impact on the environment. AM also enables the use of generative design, which is key
in optimizing resources and reducing the need for traditional manufacturing methods. In
addition, 3D printing enables lower material consumption, ease of production, less human
intervention, very low post-processing, energy efficiency, and the manufacture of products
on demand, which reduces production volumes and, thus, the need for transportation or
storage, which, in turn, reduces the negative environmental impact [6,7].

Although FDM has made extraordinary and significant progress in the development
of devices, materials, and applications in the last decade, the determination of mechanical
properties and the influence of printing parameters on products depending on the appli-
cation are still in the research and testing phase [8]. The FDM 3D printing process allows
a wide range of parameters to be set, which makes it difficult to compare the test results,
as the authors observed the influence of various adjustable 3D printing parameters on the
different properties of the printed test specimens in their study.

In the scientific papers [9–12], the authors singled out the printing parameters of
desktop 3D printers, which are considered to be the most influential in achieving suitable
mechanical properties of 3D-printed products. These are the layer thickness, infill den-
sity, infill geometry, number of outer contours, extrusion temperature, raster angle, print
orientation, and more.

Based on the literature reviewed [13–16], it was found that the scientific studies
conducted in the last two decades have provided a large amount of data on the mechanical
properties of FDM-printed products, with significant differences in the reported data,
especially regarding the influence of certain parameters such as the extrusion temperature
and layer thickness [4]. There are many recent studies on the influences of individual
parameters on the flexural and/or tensile strength of 3D-printed products, including the
extrusion temperature [4,13,17], layer thickness [18–21], product orientation [4,14], and infill
density [4,8,18,22,23], with the results often not overlapping or even directly contradicting
each other [13]. A review of the available literature shows that there are still few studies
on the influence of 3D printing parameters on compressive strength, which is of great
importance, since the variety of applicable products produced with the FDM process lead
precisely to compressive loading [4], which is the aim of the research in this paper.

Wu et al. [24] investigated the influence of the layer thickness and raster angle on the
mechanical properties of FDM-printed ABS and PEEK parts and determined the compres-
sive strength of ABS test specimens, after which the material only deforms without an
increase in stress. Oudah et al. [25] investigated the influence of the infill pattern, infill den-
sity, and layer thickness of ABS on the compressive properties, and Dominguez-Rodriguez
et al. [26] studied the printing orientation, infill density, and infill pattern and determined
a positive influence of increasing the infill density on the compressive properties. Uddin
et al. [27] investigated the influence of the layer thickness, printing plane, and printing
orientation of ABS, and Sood et al. [28] considered the layer thickness, orientation, raster
angle, raster width, and air gap and found that increasing the print layer thickness has a
negative influence on the compressive properties. Vidakis et al. [29] compared the influence
of the print layer thickness on the compressive strength values of ABS and ABS-plus parts
and found that ABS parts produced with a greater layer thickness had a lower compressive
strength. Ali et al. [30] investigated the influence of three criteria (infill density, layer thick-
ness, and infill pattern) on the tensile and compressive behavior of ABS and determined the
positive influence of an increase in infill density and the negative influence of an increase in
layer thickness on the observed properties. Morocho et al. [31] investigated the behavior of
ABS polymer under compression, considering two different infill patterns—rectangular and
hexagonal. Their study showed that the rectangular sample achieved higher compressive
strength values. Petousis et al. [32] investigated the effects of seven ABS 3D printing pa-
rameters (orientation angle, raster deposition angle, infill density, layer thickness, extrusion
temperature, printing speed, and platform temperature) on compressive properties and
energy consumption. The results of their study show that for compressive strength, the
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most important parameters are the infill density and orientation angle, while the printing
speed and extrusion temperature have the least impact [32]. Banjanin et al. [33] carried out
tensile and compression tests on 3D-printed PLA and ABS specimens. Equbal et al. [34]
investigated the effects of FDM process parameters of ABS materials—the raster angle, air
gap, and raster width—on three responses: the compressive stress, percentage deformation,
and breaking stress of parts made of ABS.

The FDM process has a wide range of applications, primarily due to the large number
of materials available for production, from polysulfones to standard materials such as
acrylonitrile/butadiene/styrene (ABS), polycarbonates (PCs), ABS/PC blends, polylactide
(PLA), poly(methyl methacrylate) (PMMA), polyamide (PA), polyetherimide (PEI), and
so on [8,35]. Although there are many different materials for the FDM process, acryloni-
trile/butadiene/styrene (ABS) is one of the most used materials for the production of
products for various applications due to its dimensional stability and low glass transition
temperature [36–38]. ABS is a thermoplastic amorphous polymer prepared by the polymer-
ization of styrene, acrylonitrile, and polybutadiene. Each of these monomers contributes
to the properties of ABS: acrylonitrile provides chemical and thermal stability, butadiene
increases toughness and impact strength, and styrene gives the plastic a beautiful and
glossy appearance [39].

In recent years, 3D printing technologies have become very important in the fashion
world due to the wide range of design possibilities, lower prices, and faster results, and
they are used in various applications, including shoe production [40–43].

The application of additive processes focused on the development of new shoe models
enables the production of three-dimensional prototypes, personalized products, and smaller
series of manufactured models [44]. AM processes can be used to produce functional
footwear parts with very complex geometries, good dimensional tolerances, and smooth
surfaces of the manufactured parts. A significant advantage of these processes is the ability
to produce models in color or to color them subsequently if needed [45]. The applicability of
3D printing technology in the production of shoe models and prototypes includes tests that
allow a detailed analysis of the aesthetic aspect and the association of design elements with
anthropometric features and foot geometry, as well as the targeted mechanical properties
in the early stages of development [46–49].

The application of AM to footwear can be divided into three categories: 3D printing of
individual shoe parts, such as soles, heels, and decorative or functional details [45,48,50–52];
3D printing of shoes with simple or complex geometries [49,53,54]; 3D printing of built-in
parts, such as insoles [55,56].

In a report published in April 2019, market research firm SmarTech found that the
footwear industry is leading the way in 3D-printed consumer products, with two main
trends, manufacturing and customization, being the main development drivers [57]. In
addition, SmarTech notes that 3D-printed footwear is the only segment today where mass
production through AM processes has proven to be a viable and cost-effective solution and
predicts that this trend will continue to grow as material costs decrease and AM speed and
productivity increase [57].

This work investigated the influences of key parameters of 3D printing in accordance
with the previous research described above—layer thickness, infill density, extrusion
temperature, and infill geometry—on the printing properties of ABS products with the
aim of applying them to the final product, the prototype of the heel of women’s shoes.
An analysis of the influence of three adjustable processing parameters of 3D printing and
two geometric parameters (linear infill (L45) and honeycomb infill) on the mechanical
properties, compressive strength, and compressive modulus was carried out using the
central composite design. This work is part of research carried out as part of the author’s
PhD thesis [58]. Although there are several examples of 3D printing applications in the
footwear sector using AM processes with different materials, the application of ABS in this
sector is relatively under-researched. Realized prototypes of ABS heels were assembled
into a functional prototype of a women’s shoe using classic industrial production methods.
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This gives a scientific contribution to the application of advanced technologies in the
development and production of small series of 3D prototypes of shoe parts or personalized
shoe models in the context of industrial shoe production. Also, other research is mostly
oriented toward examining the influences of different processing parameters on tensile
and flexural properties. There is little research that connects processing parameters with
compressive properties with a design experiment, especially since the emphasis is on
specific production, such as that in the footwear industry.

2. Materials and Methods
2.1. Fabrication Process

The polymer used for 3D printing is a filament made of acrylonitrile/butadiene/styrene
(ABS) from MakerBot Industries, New York, NY, USA. The filament has the shape of a
wire with a diameter of 1.75 mm, is unpigmented, and is declared to have a natural color.
There are no defined standards for FDM printing technology, and most authors use the
ASTM D695-15 standard or its equivalent ISO 604 to test compressive properties [4,33].
The compressive properties were determined according to the Plastics—Determination
of Compressive Properties (ISO 604:2002; EN ISO 604:2003) standard [59]. The standard
defines equations for calculating the compressive strength and modulus and recommends
dimensions of the test specimen in the form of a square prism.

The specimens were made from ABS using the FDM process on a MakerBot Replicator
2X desktop printer (MakerBot Industries, USA). Since one of the parameters observed is
the density of the infill and the influence of the lattice structure, the dimensions of the test
specimens were increased to the proportion of infill. The dimensions of the test specimens
increased from the recommended 10 × 10 × 4 mm to 10 × 15 × 10 mm for testing the
compressive strength and from 50 × 10 × 4 mm to 50 × 15 × 10 mm for the compressive
modulus in order to make the lattice structure more visible. The constant production
parameters were the following: material: ABS (acrylonitrile/butadiene/styrene), number
of shells (outer contour): 3, platform temperature: 110 ◦C, infill speed: 90 mm/s, speed of
shells: 40 mm/s, and geometrical parameters: honeycomb infill (H) and linear at an angle
of +45◦/−45◦ (L45).

According to the research objective and the application to the end product, prototypes
of 3D-printed parts of the shoe sole and the load forces acting when wearing and using
high-heeled shoes (Figure 1a), and, with regard to the method for testing the printing
properties, the orientations of the layers of the 3D-printed test specimens were determined
(Figure 1b) [60].
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Figure 1. Production of the test specimen: (a) representation of the forces acting on a high-heeled
women’s shoe and CAD model of the heel; (b) layer alignment of the specimen during 3D printing
and testing of the compressive modulus and compressive strength.

The 3D printing of the test specimens using the FDM process on the desktop MakerBot
Replicator 2X 3D printer is shown in Figure 2.
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Figure 2. Production of the test specimens: (a) positioning on a 3D printer base; (b) 3D printing on
a MakerBot Replicator 2X desktop printer; (c) test specimens produced for testing the compressive
modulus (d) and compressive strength.

2.2. Experimental Setup

According to the central composite design with three adjustable parameters, specimens
for 19 test conditions must be prepared for each test property (compressive strength and
compressive modulus) for the linear infill (L45) and honeycomb infill (H).

Before conducting the tests, a preliminary test was carried out to determine the lower
and upper limits of the processing parameters [58]:

• A—layer thickness, LT = 0.10 to 0.30 mm;
• B—infill density, ID = 10 to 40%;
• C—extrusion temperature, ϑ = 205 to 255 ◦C.

The central composite design belongs to a group of higher-order experimental designs,
the so-called response surface methodology. The response surface method includes a set of
statistical and mathematical methods that are applied for the development, improvement,
and optimization of processes. A measurable quantity of product or process quality is
called responsiveness.

The purpose of the experimental design is to generate a mathematical model, that is,
an equation (polynomial of the second degree) that describes the process. If the studied
factors in the experiment are indeed those that influence the process and the data obtained
in the experiment are of acceptable accuracy and precision, then it is possible to develop a
model that credibly describes the process.

The central composite design is a first-order model (2k) extended by additional points
(experimental states) in the center and points on the edges to allow the estimation of the
parameters of the second-order model. The central composite design consists of 2k states
in the vertices (factor states), 2k states in the edges, and states in the center (k—number of
factors). The central composite design is an alternative to the 3k model when constructing
the experimental model of order II. because the number of runs is reduced compared to the
full factorial model of the experiment. Additional states in the center of the experiment are
used to be able to compare the measurement values of the dependent variable in the center
of the experiment with the arithmetic mean for the rest of the experiment. If the arithmetic
mean of the center of the experiment is significantly different from the total arithmetic



J. Manuf. Mater. Process. 2024, 8, 106 6 of 29

mean of all other states of the experiment, then it can be concluded that the relationship
between the experimental factor and the dependent variable is not linear.

If the experiment is at least partially repeated, then the error of the experiment can be
estimated from the variability of the repeated states. Since these conditions are performed
under identical conditions, that is, identical factor levels, the estimation of the experimental
error from these data is independent of whether the experimental model is linear or
nonlinear and whether it contains higher-order interactions.

Table 1 shows the parameter levels determined according to the test condition matrix
for the three-part central composite design. The layer thickness, infill density, and extrusion
temperature were varied according to the central composite design, as shown in Table 2
(five repetitions in the center).

Table 1. Parameters and their levels (adjustable).

Levels Layer Thickness
mm

Infill Density
%

Extrusion Temperature
◦C

−1.682 0.10 10 205
−1 0.15 15 215
0 0.20 25 230
1 0.25 35 245

1.682 0.30 40 255

Table 2. Central composite design (19 trials; five repetitions in the center).

Run Factor 1: Layer Thickness
LT, mm

Factor 2: Infill Density
ID,%

Factor 3: Temperature
ϑ, ◦C

1 0.20 25 230
2 0.15 35 245
3 0.20 40 230
4 0.10 25 230
5 0.20 25 230
6 0.20 25 230
7 0.20 25 255
8 0.20 25 205
9 0.15 15 245

10 0.15 15 215
11 0.25 35 245
12 0.20 25 230
13 0.30 25 230
14 0.25 15 215
15 0.25 15 245
16 0.20 25 230
17 0.20 10 230
18 0.15 35 215
19 0.25 35 215

At the same time, three specimens were produced for each set of 3D printing conditions.
A total of 114 specimens were produced: 57 for the testing of the compressive strength and
57 for the compressive modulus.

In the statistical data processing (analysis of variance), the models of the highest-
degree polynomial functions that could still significantly describe the observed influence of
the studied 3D printing factors were used to describe the effects of the observed parameters
(factors) of 3D printing. The Design Expert 13 software with the ANOVA module was used.

The determination of the compressive properties was performed on a universal testing
machine (Shimadzu AGS-X 10 kN (Shimadzu Corporation, Kyoto, Japan)). The specimen
was compressed between two flat, parallel plates (Figure 3) and loaded with a force F at a
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crosshead speed of v = 5 mm/min at room temperature according to the HRN EN ISO 604:
Determination of Compressive Properties (ISO 604:2002; EN ISO 604:2003) standard [59].
The parameters applied to characterize the compressive properties of the specimens were
the compressive strength (N/mm2) and the compressive modulus (N/mm2), and the mass
of the specimens was also measured to relate it to the obtained mechanical properties of
the tested specimens. The results of the compressive tests are shown in Table 3.
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Table 3. Results of the compressive properties of the linear infill test specimens (L45) and honeycomb
infill test specimens (H).

Trial Number

Factor 1 Factor 2 Factor 3 Linear Infill 45◦ Honeycomb Infill

A: Layer
Thickness LT, mm

B: Infill Density
ID,% C: Temp. ϑ, ◦C

Compressive
Strength ±

SD σx (N/mm2)

Compressive
Modulus ±

SD Ec (N/mm2)

Compressive
Strength ±

SD σx (N/mm2)

Compressive
Modulus ±

SD Ec (N/mm2)

1 0.20 25 230 26.12 ± 0.23 565.32 ± 13.59 30.96 ± 0.67 733.12 ± 4.49
2 0.15 35 245 37.09 ± 0.85 836.89 ± 8.36 33.81 ± 1.43 804.53 ± 18.81
3 0.20 40 230 38.99 ± 0.40 808.38 ± 8.02 32.98 ± 0.82 772.91 ± 5.16
4 0.10 25 230 35.55 ± 0.90 823.13 ± 12.31 32.70 ± 0.24 778.43 ± 27.07
5 0.20 25 230 30.90 ± 0.61 717.28 ± 3.23 29.73 ± 0.50 723.16 ± 3.81
6 0.20 25 230 30.92 ± 0.73 724.63 ± 1.00 30.78 ± 0.65 707.53 ± 17.59
7 0.20 25 255 32.63 ± 0.70 755.46 ± 7.08 30.30 ± 0.72 725.37 ± 1.59
8 0.20 25 205 29.42 ± 0.06 671.05 ± 1.31 29.98 ± 0.14 689.67 ± 5.02
9 0.15 15 245 23.61 ± 0.38 539.24 ± 8.78 28.53 ± 1.44 695.55 ± 9.45

10 0.15 15 215 28.70 ± 0.15 675.96 ± 2.96 27.84 ± 1.28 695.20 ± 14.67
11 0.25 35 245 38.15 ± 0.79 747.05 ± 10.29 31.44 ± 0.31 738.11 ± 12.06
12 0.20 25 230 30.93 ± 0.30 712.41 ± 7.15 29.24 ± 0.06 706.58 ± 6.31
13 0.30 25 230 23.54 ± 0.41 497.94 ± 7.68 28.01 ± 0.27 646.33 ± 0.93
14 0.25 15 215 24.67 ± 0.28 582.57 ± 4.79 24.61 ± 0.87 603.46 ± 11.16
15 0.25 15 245 25.93 ± 0.14 646.69 ± 10.79 26.28 ± 1.02 655.59 ± 0.69
16 0.20 25 230 30.87 ± 0.37 716.84 ± 7.21 29.08 ± 0.23 674.96 ± 5.63
17 0.20 10 230 25.37 ± 0.89 612.80 ± 12.53 25.59 ± 0.37 622.47 ± 9.08
18 0.15 35 215 36.21 ± 1.02 835.79 ± 4.11 31.52 ± 0.74 768.44 ± 11.75
19 0.25 35 215 33.17 ± 1.16 733.88 ± 2.95 30.29 ± 0.40 683.91 ± 10.29

3. Results

The results of the compressive tests are shown in Table 3. The table shows the test
results for the compressive strength and compressive modulus for the linear infill (L45) and
honeycomb infill test specimens. The mean values (of three test specimens) and standard de-
viations are given for 19 test conditions. The results show that the highest values of compres-
sive strength (38.99 ± 0.40 N/mm2) are achieved at LT = 0.20 mm—ID = 40%—ϑ = 230 ◦C
for specimens with the linear infill, while the highest values of compressive strength
(33.81 ± 1.43 N/mm2) are achieved at LT = 0.15 mm—ID = 35%—ϑ = 245 ◦C for specimens
with the honeycomb infill. For the compressive modulus, the highest values are achieved
at LT = 0.15 mm—ID = 35%—ϑ = 245 ◦C for test specimens with both infill types. Higher
compressive modulus values were achieved with the linear infill (836.89 ± 8.36 N/mm2)
than with the honeycomb infill (804.53 ± 18.81 N/mm2). The lowest values for compressive
strength (23.54 ± 0.41 N/mm2) and compressive modulus (497.94 ± 7.68 N/mm2) were
obtained for test condition 13 (LT = 0.30 mm—ID = 25%—ϑ = 230 ◦C) for the specimens
with the linear infill, but for the honeycomb infill, the lowest values for the compressive
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strength (24.61 ± 0.87 N/mm2) and compressive modulus (603.46 ± 11.16 N/mm2) were
determined for test condition 14 (LT = 0.25 mm—ID = 15%—ϑ = 215 ◦C).

Figures 4–7 show compressive stress–strain diagrams (σ, ε) for testing the compressive
properties of the linear (L45) and honeycomb fillers. For clarity, only one specimen per test
condition is shown, which is approximately the mean value. The labels on the right side of
each graph represent the sample designations, where the first number indicates the test
condition, and the second number is the number of the sample in that test condition.
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3.1. Statistical Analysis of Compressive Strength

The Design Expert 13 software program (Stat-Ease Inc., Minneapolis, MN, USA) was
used for the statistical analysis of the compressive properties (compressive strength and
compressive modulus). As part of the response surface methodology, central composite
design is a statistical method that is useful for process development, improvement, and
optimization. The Design Expert computer program allows the optimization of adjustable
processing parameters based on the so-called desirability function. The optimization
considers the desired values of the observed properties (responses), which can be a min-
imum, maximum, target, or within certain limits. Using analysis of variance (ANOVA)
and response surface models, it is possible to determine the importance of the observed
parameters of 3D printing and their interactions with the observed compressive properties.
In addition, statistical analysis was used to determine a mathematical function that can be
used to predict future outcomes of the observed compressive properties. Highest-degree
polynomial function models were used in the statistical data processing (analysis of vari-
ance) to describe the effects of the observed parameters (factors) of 3D printing that are still
significant in describing the observed effects.

3.1.1. Statistical Analysis of Compressive Strength—Linear Infill (L45)

The results of ANOVA for testing the compressive strength of specimens with linear
infill (L45) are shown in Table 4.

Table 4. ANOVA for testing the compressive strength of the linear infill (reduced linear model).

Source Sum of Squares DoF Mean
Square F-Value p-Value Remark

Model 356.90 2 178.45 32.56 <0.0001 Significant
A—Layer thickness 47.99 1 47.99 8.76 0.0092 Significant

B—Infill density 308.91 1 308.91 56.36 <0.0001 Significant
Residual 87.69 16 5.48

Lack of fit 69.37 12 5.78 1.26 0.4476 Not significant
Pure Error 18.32 4 4.58

Corrected Total 444.59 18

The mathematical model of the response surface (reduced linear model) for the com-
pressive strength (σx) can be presented in the form of Equation (1), with all factors listed in
coded form in Table 4. The coded equation is useful for determining the relative influence
of the factors by comparing the factor coefficients, which allows process optimization and
the improvement of production performance. In Table 4, p-values less than 0.05 indicate
that model terms are significant. In this case, the thickness of the layer (A) and the density
of the infill (B) are significant parameters. The lack of fit (F-value) is not significant relative
to the pure error. A non-significant lack of fit is good because it represents that the model
fits and there are no significant errors. Table 5 shows the basic statistical data of the model
for the compressive strength of the linear infill (L45). The coefficient of determination r2

is a measure of the deviation from the arithmetic mean that is explained by the model.
The closer r2 is to 1, the better the model follows the data, that is, the phenomenon is
better explained.

Table 5. Overview of the statistical data for the compressive strength of the linear infill (L45).

Compressive Strength σc [N/mm2]

Standard deviation 2.34
Mean 30.67

Coefficient of determination (R-squared (r2)) 0.8028
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The process (response function) is described by an equation.

σc = 30.67 − 3.46 × A + 7.46 × B, (1)

In Equation (1), σc denotes compressive strength in N/mm2.
The influence of the layer thickness and infill density on the compressive strength of

the manufactured parts of the linear infill can be presented in the form of two-dimensional
(2D) graphs (Figures 8 and 9). Figure 8 shows that increasing the layer thickness of the 3D
print leads to a decrease in compressive strength, while Figure 9 shows that increasing the
density of the infill has a positive effect on increasing the value of compressive strength.
With a higher density of the infill (B), the maximum values of compressive strength are
achieved, which is the expected result.
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strength of the linear infill (layer thickness: 0.10 mm, extrusion temperature: 255 ◦C).

Figure 10 shows the dependence of the compressive strength of the specimens of the
linear infill (L45) on the density of the fill and the thickness of the layer. The result of
the statistical analysis shows that the density of the infill is a more influential parameter
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than the thickness of the layer, which can be seen in Figure 10. An increase in the per-
centage of the infill leads to a significant increase in the value of the compressive strength,
while an increase in the thickness of the layer causes a slight decrease in the value of the
compressive strength.
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Figure 10. A 3D graph of the simultaneous influence of the infill density and layer thickness on the
compressive strength of the linear infill (extrusion temperature of 255 ◦C).

3.1.2. Statistical Analysis of Compressive Strength—Honeycomb Infill (H)

The influence of the adjustable parameters of 3D printing on the compressive strength
of the honeycomb infill was analyzed using a reduced quadratic function. Table 6 shows
the results of the statistical analysis of the compressive strength of the honeycomb infill
specimens. From the table, it can be seen that in this case, the layer thickness (A), infill
density (B), extrusion temperature (C), and squared value of infill density (B2) are significant
parameters. The mathematical model of the response surface (reduced quadratic model)
of the compressive strength (σx) can be represented by Equation (2), with all factors listed
in coded form in Table 6. Table 7 shows the basic statistical data of the model for the
compressive strength of the honeycomb infill.

σc = 29.98 − 2.31 × A + 3.71 × B + 0.78 × C − 1.08 × B2, (2)

Table 6. ANOVA for testing the compressive strength of the honeycomb infill (reduced quadratic model).

Source Sum of
Squares DoF Mean

Square F-Value p-Value Remark

Model 102.83 4 25.71 55.73 <0.0001 Significant
A—Layer thickness 21.30 1 21.30 46.17 <0.0001 Significant

B—Infill density 76.31 1 76.31 165.43 <0.0001 Significant
C—Temperature 2.96 1 2.96 6.41 0.0239 Significant

B2 2.26 1 2.26 4.90 0.0439 Significant
Residual 6.46 14 0.46

Lack of fit 3.44 10 0.34 0.46 0.8569 Not significant
Pure Error 3.02 4 0.75

Corrected Total 109.29 18

In Equation (2), σc denotes compressive strength in N/mm2.
Figures 11–13 show the influence of the individual parameters of 3D printing of the

test specimens with the honeycomb infill on the compressive strength. Figure 11 shows that
increasing the layer thickness has a negative effect on the compressive strength, while the
density of the infill shows the opposite trend (Figure 12), as in the case of the compressive
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strength of the specimens with the linear infill (L45). Figure 13 shows that an increase in
temperature leads to a slight increase in the compressive strength value.

Table 7. Overview of the statistical data for the model for the compressive strength of the honeycomb
infill.

Compressive Strength σc [N/mm2]

Standard deviation 0.68
Mean 29.67

Coefficient of determination (R-squared (r2)) 0.9409
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Figure 13. Two-dimensional (2D) graph of the influence of the extrusion temperature on the compres-
sive strength of the honeycomb infill (layer thickness: 0.10 mm, infill density: 40%).

Figures 14 and 15 show the effects of the infill density and layer thickness on the
compressive strength of the honeycomb infill at the minimum and maximum temperatures.
It can be seen that in both cases, the increase in the infill density has a positive effect on the
increase in the compressive strength, while the layer thickness shows the opposite tendency,
i.e., a slight decrease in the value of the compressive strength when the layer thickness
is increased from 0.10 to 0.30 mm. It can be observed that in this case, the temperature
increases from 205 ◦C (Figure 14) to 255 ◦C (Figure 15), which also leads to an increase
in the maximum compressive strength from 34 to 35.8 N/mm2, although the response
surfaces are almost identically shaped.
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3.2. Statistical Analysis of the Compressive Modulus
3.2.1. Statistical Analysis of the Compressive Modulus—Linear Infill (L45)

A reduced linear model was chosen for the analysis of the effects of the adjustable
parameters on the pressure modulus of the linear infill (L45). Table 8 shows the results of
the statistical analysis for the compressive modulus of the specimens of the linear infill. It
can be seen from the table that in this case, the layer thickness (A) and the infill density
(B) are the most important parameters, with the infill density having a greater influence,
as in all previous cases. The mathematical model of the response surface (reduced linear
model) of the compressive modulus (Ec) can be presented in the form of Equation (3), with
all factors in coded form, as given in Table 8. Table 9 shows the basic statistical data of the
model for the compressive modulus of the linear infill (L45).

Ec = 694.91 − 103.51 × A + 120.3 × B, (3)

Table 8. ANOVA for testing the compressive modulus of the linear infill (reduced linear model).

Source Sum of
Squares DoF Mean

Square F-Value p-Value Remark

Model 1.233 · 105 2 61,629.98 16.83 0.0001 Significant
A—Layer thickness 42,856.25 1 42,856.25 11.71 0.0035 Significant

B—Infill density 80,403.71 1 80,403.71 21.96 0.0002 Significant
Residual 58,575.56 16 3660.97

Lack of fit 39,900.99 12 3325.08 0.7122 0.7090 Not significant
Pure Error 18,674.57 4 4668.64

Corrected Total 1.818 · 105 18

Table 9. Overview of the statistical data for the model of the compressive modulus of the linear infill
(L45).

Compressive Modulus Ec [N/mm2]

Standard deviation 60.51
Mean 694.91

Coefficient of determination (R-squared (r2)) 0.6779

In Equation (3), Ec denotes compressive modulus in N/mm2.
Figure 16 shows the influence of the individual parameters—layer thickness and

density of the infill—on the compressive modulus of the specimens of the linear infill (L45).
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It can be seen from Figure 16 that an increase in the layer thickness leads to lower values
of the compressive modulus of about 200 N/mm2. At a layer thickness of 0.10 mm, the
maximum value of the compressive modulus is 920 N/mm2, while at a layer thickness of
0.30 mm, it is 720 N/mm2. It can be seen in Figure 17 that the increase in the infill density
has an influence on the increase in the compressive modulus. Starting from the minimum
infill density of 10% and the maximum infill density of 40%, the values of the compressive
modulus increase by about 240 N/mm2, from 680 N/mm2 to 920 N/mm2.
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The statistical analysis shows that the infill density is still the most significant parame-
ter for determining the compressive modulus of the specimens with the linear infill, as can
be seen in Figure 18. An increase in the percentage of the infill density leads to a significant
increase in the compressive modulus, while the thickness of the layer has the opposite, i.e.,
negative, influence on the compressive modulus, and its increase leads to a slight decrease
in the value of the observed property.
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3.2.2. Statistical Analysis of the Compressive Modulus—Honeycomb Infill (H)

The influence of the adjustable parameters of 3D printing on the printing modulus of
the honeycomb infill was analyzed with a linear function. Table 10 shows the processing
results for the compressive modulus of the honeycomb infill test specimens. From the
table, it can be seen that all parameters are significant in this case: layer thickness (A), infill
density (B), and extrusion temperature (C), as in the case of the compressive strength of
the honeycomb infill. The mathematical model of the reaction surface (linear model) of the
compressive modulus (Ec) can be presented in the form of Equation (4), with all factors in
the coded form given in Table 10. Table 11 shows the basic statistical data of the model for
the compressive modulus of the honeycomb infill.

Ec = 706.60 − 68.36 × A + 68.50 × B + 24.87 × C (4)

Table 10. ANOVA for testing the compressive modulus of the honeycomb infill (linear model).

Source Sum of
Squares DoF Mean

Square F-Value p-Value Remark

Model 47,778.07 3 15,926.02 67.84 <0.0001 Significant
A—Layer thickness 18,690.31 1 18,690.31 79.61 <0.0001 Significant

B—Infill density 26,069.58 1 26,029.56 111.05 <0.0001 Significant
C—Temperature 3018.18 1 3018.18 12.86 0.0027 Significant

Residual 3521.39 15 234.76
Lack of fit 1572.40 11 142.94 0.29 0.9520 Not significant
Pure Error 1948.99 4 487.25

Corrected Total 51,299.46 18

Table 11. Overview of the statistical data for the model of the compressive modulus of the honeycomb
infill.

Compressive Modulus Ec [N/mm2]

Standard deviation 15.32
Mean 706.60

Coefficient of determination (R-squared (r2)) 0.9314

In Equation (4), Ec denotes compressive modulus in N/mm2.
Figures 19–21 show the influence of significant individual parameters of 3D printing on

the compressive modulus for the honeycomb infill specimens. Figure 19 shows a decrease
in the compressive modulus with increasing layer thickness, from 860 N/mm2 at a layer
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thickness of 0.10 mm to about 750 N/mm2 at a layer thickness of 0.30 mm (at the maximum
infill density and extrusion temperature). The influence of the infill density (Figure 20)
shows the opposite trend and reaches almost the same values of the compressive modulus
(at an infill density of 10%, the compressive modulus is 750 N/mm2, and at an infill density
of 40%, the compressive modulus is about 860 N/mm2 at the minimum layer thickness and
maximum extrusion temperature). The influence of the extrusion temperature is somewhat
lower (Figure 21), so its change from minimum to maximum causes a slight increase in the
compressive modulus (from about 810 N/mm2 to about 860 N/mm2 at the minimum layer
thickness and maximum infill density).
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pressive strength. The influence of the layer thickness shows the opposite trend, i.e., a 
slight decrease in the compressive strength value when the layer thickness is increased 
from 0.10 to 0.30 mm. It can be seen that in this case, although the response surfaces are 
almost identical, the temperature increase from 205 °C (Figure 22) to 255 °C (Figure 23) 
also leads to increased values of the compressive modulus, from 810 to 860 N/mm2. The 
same applies to the compressive strength of the honeycomb infill specimens. 

 
Figure 22. A 3D graph of the simultaneous influence of the infill density and layer thickness on the 
compressive modulus of the honeycomb infill (extrusion temperature of 205 °C). 

Figure 21. Two-dimensional (2D) graph of the influence of the extrusion temperature on the compres-
sive modulus of the honeycomb infill (layer thickness: 0.10 mm, infill density: 40%).

Figures 22 and 23 show the effects of the infill density and layer thickness on the
compressive modulus of the honeycomb infill at the minimum (205 ◦C) and maximum
(255 ◦C) temperatures. In both cases, the infill density influences the increase in the
compressive strength. The influence of the layer thickness shows the opposite trend, i.e.,
a slight decrease in the compressive strength value when the layer thickness is increased
from 0.10 to 0.30 mm. It can be seen that in this case, although the response surfaces are
almost identical, the temperature increase from 205 ◦C (Figure 22) to 255 ◦C (Figure 23)
also leads to increased values of the compressive modulus, from 810 to 860 N/mm2. The
same applies to the compressive strength of the honeycomb infill specimens.
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3.3. Statistical Model for Optimization

In order to define the FDM parameters for the production of test specimens with
optimal properties, it is necessary to determine the optimization criteria. In this case, a
complex optimization was performed using data that include defined ranges of adjustable
processing parameters (listed in Section 2), requirements for target values of specimen
properties, and criteria for reaching the maximum values, as well as the importance of
individual properties. Table 12 shows the limits of the expected compressive properties
that were defined based on the results of the ANOVA that was performed previously, as
described in Sections 3.1 and 3.2.

Table 12. Optimization criteria.

Parameter/Property Goal Lower Limit Upper Limit Importance

A: Layer thickness Is in range 0.10 mm 0.30 mm 3
B: Infill density Is in range 10% 40% 3

C: Extrusion temperature Is in range 205 ◦C 255 ◦C 3
Compressive strength—L45 Maximize 36 N/mm2 42 N/mm2 5
Compressive strength—H Maximize 30 N/mm2 36 N/mm2 5

Compressive modulus—L45 Maximize 880 N/mm2 920 N/mm2 5
Compressive modulus—H Maximize 800 N/mm2 880 N/mm2 5

The complex optimization in the case of test specimens with the linear infill (L45) led
to 27 solutions for which the desirability function is 0.95, and three characteristic solutions
are listed in Table 13.

From the solutions of the complex optimization of the test specimens of the linear
infill (L45) and honeycomb infill (Tables 13 and 14), it can be seen that the optimal printing
properties are achieved at a layer thickness of 0.10 mm and an infill density of 40% for both
infill types and an extrusion temperature of 255 ◦C for the honeycomb infill, while for the
linear infill (L45), the extrusion temperature varies between 210 ◦C and 255 ◦C. However, a
comparison of the values of the individual properties (Tables 13 and 14) shows that with
almost identical 3D printing parameters, the values for the monitored properties of the
compressive strength and compressive modulus of the test specimens of the linear infill
(L45) are higher than those of the honeycomb infill.
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Table 13. Characteristic solutions of the complex optimization—linear infill (L45).

Parameter/Property 1 2 3

Layer thickness [mm] 0.10 0.10 0.10
Infill density [%] 40.00 40.00 40.00

Extrusion temperature [◦C] 209.67 222.96 254.35
Compressive strength [N/mm2] 41.59 41.59 41.59
Compressive modulus [N/mm2] 918.72 918.72 918.72

Desirability 0.95 0.95 0.95

The complex optimization in the case of test specimens with the honeycomb infill
resulted in 25 solutions for which the desirability function is between 0.76 and 0.36, and
three characteristic solutions are listed in Table 14.

Table 14. Characteristic solutions of the complex optimization—honeycomb infill.

Parameter/Property 1 2 3

Layer thickness [mm] 0.10 0.10 0.10
Infill density [%] 40.00 39.85 39.66

Extrusion temperature [◦C] 255 254.78 255
Compressive strength [N/mm2] 35.70 35.68 35.66
Compressive modulus [N/mm2] 868.32 867.43 866.78

Desirability 0.76 0.74 0.73

3.4. Practical Application

The industrial implementation of this scientific research was carried out in cooperation
with the Croatian shoe factory Ivančica d.d. The integration of the prototype of 3D-
printed ABS heels into a functional model of women’s shoes is combined with classic shoe
production in the context of industrial shoe production. The aim of this combination is to
create personalized models of wearable shoes or smaller limited series. For the construction
of the CAD model of the heel prototype, the computer program Rhinoceros 5 was used,
which is based on a scanned CAD model of a women’s shoe with a height of 75 mm
(number 37) (Figure 24).
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Figure 24. CAD models of prototype heels: (a) prototype 1; (b) prototype 2; (c) prototype 3;
(d) prototype 4.
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Based on the previously performed verification of the optimal parameters and an
insight into the results of the complex optimization of the test specimens of the linear
infill (L45) and honeycomb infill according to the criteria and target values (Table 12)
set in accordance with the objective of the final application, the parameters of the 3D
printing of the heel prototype were determined. After solving the complex optimization
(Tables 13 and 14), a layer thickness of the linear infill (L45) of 0.10 mm, an infill density
of 40%, and an extrusion temperature of 210 ◦C were selected for the production of the
heel prototypes.

Table 15 shows the printing parameters of the CAD models of the heel prototypes,
which were determined based on the analysis of the tests performed.

Table 15. The 3D printing parameters of the heel prototypes.

Print Parameter Value

Layer thickness 0.10 mm
Infill density 40%

Number of shells 3
Infill build speed 90 mm/s

Shell speed 40 mm/s
Infill pattern linear 45◦

Roof thickness 1.00 mm
Extrusion temperature 210 ◦C

The heel prototypes were produced on a MakerBot Replicator 2X desktop printer in a
two-color printing process using combinations of the available ABS colors. The vertical
orientation of the print was determined in accordance with the actual orientation of the
final product [61] and the central positioning on the work surface of the printer. Taking
into account the selected parameters and printing orientation, the total estimated material
consumption for printing the heel for prototype 1 is 65 g, and the time required for printing
is 8.5 h; for prototype 2, the material consumption is 66 g, and the production time is 9.5 h.
The material consumption for prototype 3 is 98 g, and the production time is 13.55 h, while
prototype 4 requires 57 g of material, and the production time is 7.9 h. For the functional
models of women’s shoes, the installation of prototype heels made of ABS was combined
with the help of 3D printing in the industrial production of shoes (Figure 25). This approach
aims to create personalized models of wearable shoes or smaller limited series. To underline
the use of new technologies (3D printing) in combination with traditional methods of shoe
production, contrasting colors were chosen for the material of the upper part compared
to the heels. The upper part of the prototype is based on a proven model of the classic
women’s salon shoe, ergonomically designed according to the rules and requirements of
shoemaking. They are made of leather, which is still considered one of the most valuable
and high-quality materials for shoemaking [61].

The successful realization of the prototypes shows that the heights of the 3D-printed
heels and the geometry of the top of the prototype heels were accurately modeled and,
thus, meet both the technical and aesthetic requirements of the assembly of heels with
classic shanks under industrial production conditions. It was also found that ABS, as one
of the most commonly used materials in the FDM process, can be functionally used for the
production of prototypes and individual elements of the shoe bottom, i.e., in this work, for
the high heels of women’s shoes.
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4. Discussion

The results of the analysis of the influence of the adjustable 3D printing parameters on
the observed mechanical properties are shown in Sections 3.1 and 3.2 (Tables 4, 6, 8 and 10).
As the density of the infill increases, the observed compressive properties of both infill
types increase, which was to be expected, as this increases the effective cross-sectional
area that absorbs the loads to which the specimens were subjected during testing. The
results of the dependence of the compressive strength on the infill density are consistent
with the results of the studies by Oudah et al. [25] and Dominguez-Rodriguez et al. [26],
in which the influence of 3D printing parameters for ABS similar to those in this work
is observed. Oudah et al. investigated the influence of printing parameters such as the
infill pattern (tri-hexagon, zig-zag and gyroid), infill density (25%, 50%, and 75%), and
layer thickness (0.1, 0.2, and 0.3 mm) on the compressive strength of ABS material [25], and
Dominguez-Rodriguez et al. analyzed the influence of the print orientation, infill density,
and infill pattern on compressive performance [26]. The results of both studies show that
an increase in infill density leads to higher compressive strengths, which is consistent with
the results of the present study.

The thickness of the 3D-printed layer can be evaluated as the next influential pa-
rameter. Increasing the layer thickness leads to a decrease in the observed compressive
properties. Increasing the layer thickness has a significant effect on the decrease in the
compressive properties of the honeycomb specimens (visible in Figures 11 and 19), while
there is a smaller decrease in the observed properties for the linear infill (L45) (visible
in Figures 8 and 16). By reducing the layer thickness during 3D printing, a better bond
between the layers is achieved, which leads to better mechanical properties. Therefore,
the specimens with a thinner layer thickness have better adhesion and better mechanical
properties than the test specimens with a thicker layer thickness.

The results of the influence of layer thickness in this study are in contrast to the
results of the above-mentioned study by Oudah et al. [25], who investigated the same
parameters (infill density and layer thickness) but different infill patterns for a compression
test according to the ASTM D695 standard. Oudah et al. reported a layer thickness of
0.3 mm, an infill density of 75%, and a gyroid infill as the optimal process parameters for
achieving higher compressive strength values and concluded that the compressive strength
increases with increasing layer thickness [25].

However, the results mentioned in [25] are in contrast to those of a study by
Ali et al. [30] that was carried out with almost identical parameters: infill density (20%, 40%,
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60%), infill pattern (zig-zag, cross, gyro), and layer thickness (0.05, 0.15, and 0.25 mm). The
results of the study by Ali et al. [30] on the tensile and compressive properties according to
the ASTM D638 and ASTM D695 standards show that increasing the layer thickness has
a negative influence on the observed mechanical properties, which is consistent with our
results. This is also consistent with the results on the influence of the layer thickness of 3D
printing on the compressive strength in the studies by Vidakis et al. [29], Ali et al. [30], and
Banjanin et al. [33].

The least influential parameter of 3D printing on the observed printing properties
is the extrusion temperature. For the honeycomb infill test specimens, the extrusion
temperature was significant for the compressive strength and compressive modulus, while
it had no effect on the observed properties for the linear infill (L45) test specimens. For
the honeycomb test specimens, a higher temperature also led to a slight increase in the
compressive strength and compressive modulus (visible in Figures 13 and 21), which can
be explained by the better mutual adhesion of the printed layers at higher temperatures.

For the honeycomb test specimens, a higher temperature also led to a slight increase
in the compressive strength and compressive modulus (visible in Figures 13 and 21), which
can be explained by the better mutual adhesion of the printed layers at higher temperatures.

The effect of the extrusion temperature, although considered one of the most critical
parameters for the quality of 3D-printed products in the FDM process, is, therefore, a rela-
tively unexplored aspect and one of the possible reasons for the opposite results compared
to the results of available research [4]. It has also been found that the extrusion temperature
affects the quality of printing of ABS products in the FDM process on desktop 3D printers,
which is explained by the fact that an inhomogeneous temperature distribution is caused
by the heated extrusion temperature [62].

When comparing the maximum achievable values (ANOVA) according to the response
surfaces, the compressive strength values for the L45 infill are higher both in the statistical
evaluation and in the evaluation of the results from the tests that were carried out. Therefore,
the overall mean value of the compressive strength of the test specimens of the linear
infill (L45) is 3.4% higher than for the honeycomb infill. For the maximum values of the
modulus, a higher mean value of the compressive modulus (by 1.4%) is determined for
the honeycomb infill test specimens by comparing the mean values of the results of all
test conditions of the linear infill (L45) and the honeycomb infill. All of the above results
prove that there is also an interaction between the shape/type of infill and the parameters
of the infill, as there are different results for the same observed property (e.g., compressive
modulus). For the compressive modulus, both infills give comparable results, where the
shape of the infill that gives the maximum achievable value of the observed property does
not necessarily lead to higher average values of the mechanical property in the observed
range of adjustable 3D printing parameters. The above results are consistent with the study
by Morocho et al. [31], who investigated the behavior of ABS polymer under mechanical
compression while considering two different infill patterns, rectangular and hexagonal.
Their results showed that the rectangular sample exhibited higher compressive strength.

It must be emphasized that the field of 3D printing with FDM desktop printers is
still incompletely researched and that it is difficult to draw general conclusions, as many
authors come to significantly different and even opposite results in similar studies. The
authors found inconsistencies in the results due to differences in material quality (identical
polymers from different manufacturers), 3D printing conditions (ambient temperature and
humidity), storage conditions of the samples until testing, and even different times between
3D printing and testing [4]. Kuznetsov et al. [13] also investigated the influence of hardware
settings and 3D printing process parameters on the resulting strength of a PLA sample
and found differences in the results when they tested identical 3D printing parameters
with the same brand and color of polymer on five different FFF 3D desktop printers. In
addition, authors use different standards in their studies, which further complicates the
comparability of the test results.
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As a conclusion of the obtained results—the same was pointed out by Spahiu et al. [63]
and Mallakpour et al. [64]— production in the footwear industry is still based on human
labor, and only recently in the field of industrialization as part of the Fourth Industrial
Revolution have technological possibilities or the main pillars of Industry 4.0 shown that
they have great impact on footwear production. Reducing production costs, cutting down
waste material or zero-waste production, higher time and labor efficiency, the possibility
of producing customized shoes in small batches, more flexibility in design, and applying
more sophisticated materials in different colors are some of the benefits offered by additive
manufacturing. The continuation of optimized production was given by Gelaziene et al.
in [65], where they confirmed that additive manufacturing has the possibilities for the
modern optimization of the provision of custom-made footwear for patients with foot
deformities. Heels produced with fused deposition modeling with ABS material are on
a par with the production of heels with compressive properties similar to those that can
be obtained with other additive processes, such as selective laser sintering (SLS) with
polyamide and stereolithography (SLA) with photopolymers.

In the entire product development process, each step contributes to sustainable production,
and in the end, additive manufacturing contributes to the production of a sustainable product.

The best comparison for the obtained results is found in [25,30], as shown in Table 16.
All tests listed in Table 16 were performed according to the ASTMD695 standard.

Table 16. Comparison of the obtained results with previous research.

Author Infill Density, % Infill Pattern Layer
Thickness, mm

Compressive
Strength

Oudah et al. [25] 75 Tri-hexagon 0.3 37.6
Oudah et al. [25] 50 Zigzag 0.3 39.15
Oudah et al. [25] 75 Gyroid 0.2 44.64

Ali et al. [30] 60 Zigzag 0.15 27.42
Ali et al. [30] 60 Gyroid 0.05 27.458
Ali et al. [30] 60 Cross 0.25 27.96

5. Conclusions

In this paper, the effects of three parameters of the FDM process (layer thickness, infill
density, extrusion temperature) and the infill geometry (linear infill (L45) and honeycomb
infill) on the compressive properties (compressive strength and compressive modulus) of
ABS test specimens are presented. A central composite design with three parameters was
used to analyze the effects. The influences of the selected FDM parameters showed that
the infill density was the most significant factor for the observed compressive properties,
regardless of the layer thickness. In general, the linear infill resulted in slightly higher
properties than the honeycomb infill, but the differences are very small, so it can be
concluded that both types of infills lead to satisfactory properties. The layer thickness is also
an influential parameter that generally has a negative effect on the observed compressive
properties of both infill types as it increases. The extrusion temperature had a positive
influence on the observed compressive properties of the honeycomb infill test specimens,
while it was not an influencing factor for the linear infill. From the analysis of the test
results, it can be concluded that the linear infill (L45) resulted in 3.4% higher compressive
strength. As far as the observed compressive modulus properties are concerned, the results
of the linear infill (L45) are 1.6% lower than those of the honeycomb infill. Analyzing all of
the data, it can be concluded that the test specimens with the linear infill (L45) have slightly
better compressive properties. If the desired product or prototype must fulfill the highest
values of printing properties, it is recommended to manufacture products with the linear
infill (L45).

The realized prototypes of 3D-printed ABS heels were combined with classical meth-
ods of industrial production for functional prototypes of women’s salon shoes. In this way,
a scientific contribution was made fusing advanced technologies in the development and
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production of small series of 3D prototypes of shoe parts or personalized shoe models in
the context of industrial shoe production.

In further studies, the influence of other printing parameters (screen angle, orientation
of the print on the work surface in the direction of the x, y, and z axes, etc.) that are
characteristic of the FDM process for ABS products must be determined.

With the aim of improving the application of 3D printing in shoemaking, testing
methods for heels will be developed to test the resistance to rear impact and the strength of
the realized 3D prototypes of heels when built into a functional model of a women’s shoe
and compare them with the results obtained when testing the printing properties of test
specimens on the target product, high heels of women’s shoes.

Author Contributions: Conceptualization, D.G. and A.P.; methodology, D.G. and A.P.; software,
D.G., A.P. and S.K.-M.; validation, S.K.-M. and D.G.; formal analysis, D.G.; investigation, S.K.-M. and
A.S.; resources, S.K.-M. and A.S.; data curation, S.K.-M.; writing—original draft preparation, S.K.-M.;
writing—review and editing, D.G., A.P. and A.S.; visualization, S.K.-M. and D.G.; supervision, D.G.
and A.P. All authors have read and agreed to the published version of the manuscript.

Funding: As part of project ADVANCETEX, Croatian Science Foundation paid for the procurement
of materials.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The Croatian Science Foundation has supported this work under the project
“Advanced textile materials by targeted surface modifications” (ADVANCETEX) (Bischof, Sandra,
HRZZIP- 2013-11); Authors want to thanks Shoe factory Ivančica d. d., Ivanec, Croatia for fabrication
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September 2019; Hodžić, A., Islamović, F., Mijović, B., Eds.; University of Bihac, Faculty of Engineering Sciences: Bihac, Bosnia
and Herzegovina, 2019; pp. 455–460.

52. García-Dominguez, A.; Claver, J.; Sebastián, M.A. Optimization Methodology for Additive Manufacturing of Customized Parts
by Fused Deposition Modeling (FDM). Application to a Shoe Heel. Polymers 2020, 12, 2119. [CrossRef]

53. Watkin, H. Ica & Kostika Launch 3D-Printed Exobiology Shoe Collection. Available online: https://all3dp.com/4/ica-kostika-
launch-3d-printed-exobiology-shoe-collection (accessed on 31 March 2024).

54. Yusuf, B. These Spring Heel Shoes Can Only Be Made with 3D Printing. Available online: https://all3dp.com/spring-heel-shoes/
(accessed on 31 May 2023).

55. Sher, D. Footwear Industry Leads in Race for 3D Printed Consumer Products. Available online: https://www.3dprintingmedia.
network/footwear-industry-leads-in-race-for-3d-printed-consumer-products (accessed on 31 March 2024).

56. Scott, C. Dr. Scholl’s Partners with Wiivv for 3D Printed Custom Insoles, 3D Printing Industry. Available online: https:
//3dprint.com/233413/dr-scholls-partners-with-wiivv/ (accessed on 31 March 2024).

57. Sher, D. SmarTech Issues New Report Projecting Footwear AM and 3D Printed Footwear Will Generate $6.5 Billion Yearly
Revenues by 2029. SmarTech. Available online: https://www.smartechanalysis.com/news/smartech-projects-3d-printed-
footwear-6-5-billion-yearly-revenues-by-2029/ (accessed on 31 March 2024).
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