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Thermal Insulation Capacity of a 3D Printed Material
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The 3D printing process allows obtaining parts with different interior
structures and made of different materials. Such parts can be used to avoid
overheating of various objects under the action of thermal radiation. The
existence of different internal structures of the parts, as well as the 3D
printing conditions and the distinct physical properties of the materials used,
determine a different behavior of the parts in terms of their thermal insulation
capacity. To obtain an image of the thermal conductivity of thin
parallelepiped-shaped parts achieved by 3D printing, experimental research is
conceived and materialized. The experiments involve the use of an infrared
heat source, respectively, measurement of temperature on the surface
opposite to that exposed to thermal radiation. The obtained results are
mathematically processed to obtain empirical mathematical models that
would highlight 3D printed parts’ ability to be used as thermal insulating
materials.

1. Introduction

The 3D printing process can be used to manufacture parts with
different internal structures and made of different materials.
Sometimes, such parts are the components of the walls used to
avoid overheating various objects under thermal radiation. The
3D printing conditions, the distinct physical properties of thema-
terials, and the heating conditions determine the parts’ different
behavior in terms of their thermal insulation capacity.
The industrial practice has highlighted situations when plates

made of different materials are used to avoid or reduce parts’
heating under the action of thermal radiation emitted by a heat
source. Such plates can be obtained by different processes, one of
which is 3D printing. On the other hand, there are situations in
which the heat transfer must be done with a certain intensity in
certain parts. The main feature pursued in such situations is the
thermal insulation capacity of the plate material. From a thermal
point of view, the investigation focuses on thermal conductivity.
This property is defined as a physical size that characterizes ama-
terial’s ability to transmit heat by thermal conduction when there
is a temperature difference between the part’s surfaces made of
the investigated material.
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The thermal conductivity of materials in-
corporated in 3D printed parts was investi-
gated using different methods and means.
Thus, Flaata et al. have designed and ma-
terialized a device capable of testing com-
posite materials’ thermal conductivity in-
cluded in parts obtained by 3D printing.[1]

Elkholy and Kempers studied the influence
of factors that characterize the fused de-
position modeling process on the thermal
properties of 3D printed materials.[2] The
anisotropy of some composite materials’
thermal conductivity from the parts of the
space-based cube satellites was investigated
by Shemelya et al.[3]

The research presented in this paper
aimed to highlight the influence exerted by
some factors on the thermal insulation ca-
pacity of small plates made of a polymeric
material by 3D printing.

2. Theoretical Premises

For the study of the thermal insulation capacity of 3D printed
materials, the case of a small panel (of a plate) was taken into
account, subjected to the heating action under the action of an
infrared lamp. We will accept that due to the positioning of the
infrared radiation lamp, alongwith the smallest distance between
the lamp and the panel, the radiation will propagate perpendic-
ular to the panel (Figure 1). It is expected the radiation will lose
its intensity with the increase of the radius of a spherical sector
with the center in the infrared lamp.
When contacting the test sample surface, the heat flux will in-

crease in temperature primarily in the surface layer (Figure 2a).
Next, the heat will propagate through the panel, causing the tem-
perature to rise and the surface opposite to the lamp-oriented
one. By measuring the increase in temperature of the material
heated by infrared radiation over theminimumdistance between
the lamp and the panel, we obtain an image of the surface’s heat-
ing speed facing the lamp. If the temperature on the panel’s op-
posite surface is measured over time, additional information will
be obtained regarding the heat transfer through the panel mate-
rial. For a certain power of the heating source (of the lamp with
infrared radiation), for a certain distance between the lamp and
the panel, and a certain structure of the panel material, a station-
ary temperature will be reached at some points on the two oppo-
site sides of the panel. This situation corresponds to a thermal
balance when the entire amount of heat received from the lamp
dissipates in the plate and the environment.
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Figure 1. The testing scheme used.

Figure 2. Temperature variation between the plate-type test sample walls (a) and FEM model of the heat propagation in the plate-type test sample
(software: ANSYS R19.2) (b).

It is accepted that the temperature reached behind the plate
and the speed of heat transmission through the plate are depen-
dent on the power of the infrared radiation source, the distance
between the source and the panel, the characteristics of the panel
material, and its internal structure.

3. FEM Model

Modeling using the finite elements method (FEM) of the hypo-
thetical situation presented above could lead to a better evalua-
tion and understanding of the behavior of 3D printed materials
subjected to the effects of a heat source. Due to the smaller dis-
tance between the infrared radiation source and the test sample,
the test sample has a central area with a higher temperature due
to the propagation of infrared radiation. Simultaneously, the cor-

ners remain colder due to the shape of heat waves (Figure 2b). Ex-
amining from the side of the graphical representation obtained
by FEM simulation, it is possible to observe the tendency of tem-
perature decrease along with the test sample’s thickness. This
fact is due to the low thermal conductivity of the test sample ob-
tained by 3D printing.

4. Experimental Conditions and Results

The experimental research aimed to determine the extent to
which the panel material’s thermal insulation capacity is influ-
enced in principle by the thickness of the test sample obtained
the 3D printing process used in the manufacture of the panel.
The elements taken into account are those existing in the sketch
in Figure 1. Infrared radiation lamps with nominal powers of
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Table 1. Experimental conditions and results.

Exp.No. Input factors (coded value/real value) Output parameters

Nominal power,
Ns, [W]

Distance d, [mm] Panel
thic-kness, h,

[mm]

Time t, [min] Tempe-rature,
𝜃1, [

oC]
Tempe-rature, 𝜃2,

[oC]

1 1/100 1/200 1/2 1/2 39 38

2 1/100 1/200 1/2 2/12 49 48

3 1/100 2/250 2/4 1/2 36 32

4 1/100 2/250 2/4 2/12 45 41

5 2/250 1/200 2/4 1/2 38 36

6 2/250 1/200 2/4 2/12 55 50

7 2/250 2/250 1/2 1/2 39 38

8 2/250 2/250 1/2 2/12 47 46

Figure 3. The effect of exposure time t on the temperatures 𝜃1 on the face
directly exposed to the action of infrared radiation and on 𝜃2 on the back
of the panel, respectively (Ns = 100 W, d = 250 mm, h = 4 mm).

100 and 250 W were used. The polymeric material panels were
square, with dimensions of 100 × 100 mm2 and two different
thicknesses (2 and 4 mm). The test sample material was polylac-
tic acid provided by Ultimaker.[4] The temperature measurement
was performed using an industrial digital thermometer. It was
preferred to perform experimental tests according to a facto-
rial experiment’s requirements with four input factors at two
levels.[5] A fraction of a factorial experiment of the Taguchi L9

type was used. The four input factors were the power of the
heating source Ns, the distance d between the lamp and test
sample, the thickness h of the test sample, the duration t of
exposure of the test sample to the action of infrared radiation.
The values of the mentioned above process input factors were
shown in the columns nos. 2–5 in Table 1. The temperatures
measured in the center of the test sample surface and on the
opposite side of the test sample were shown in the last two
columns in Table 1. Figure 3 shows the increase in temperature
over time on the two surfaces of the test sample.
The mathematical processing of the experimental results

when using a computer program based on the use of the least
squares method [6] led to the following mathematical model for
the temperatures 𝜃1 (measured along the axis corresponding
to the smallest distance between the infrared lamp and the test
sample, on the surface facing the lamp) and 𝜃2 (measured along
the same axis, but at the back of the test sample):

𝜗1 = 156Ns
0.0581d−0.332h−1.225t0.140 (1)

𝜗2 = 220.3Ns
0.0746d−0.402h−0.108t0,139 (2)

where Ns is the nominal source power (W), d – the distance be-
tween the infrared lamp and the test sample (mm), h – the test
sample thickness (mm), and t – the duration of the exposure to

Figure 4. Effect of nominal power Ns and distance d on the temperatures 𝜃2 on the back of the test sample (h = 4 mm, t = 12 min) (a), and effect of the
test sample thickness h and the exposure duration on the temperature 𝜃2 (Ns = 250 W, d = 250 mm) (b).
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the action of the infrared radiation (min). In the empirical mod-
els, some exponents’ values are quite close. This fact means sim-
ilar aspects in the evolution of the temperature on the test sam-
ple’s two surfaces.
As expected, there is an increase in temperatures as the in-

frared lamp nominal power and the duration of exposure in-
crease and, at the same time, a decrease in temperatures as the
distance between the lamp and the test sample and the sam-
ple’s thickness increase. The empirical mathematical model cor-
responding to the Equation (2) was used to elaborate the graphi-
cal representations in Figures 3 and 4.

5. Conclusions

There are situations when the 3D printed parts could be used
to generate an obstacle to the thermal effects. Experimental re-
search was designed and performed to highlight the intensity of
the influence exerted by several input factors in the process of
exposure to infrared radiation on the temperature on two oppo-
site surfaces of the test sample. The mathematical processing of
the experimental results showed that a stronger influence was ex-
erted by the distance between the infrared radiation lamp and the
test sample, the thickness of the 3D printed test sample, and the
duration of the exposure on the action of the heat source.
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Abstract: 3D printing is a process that has become widely used in recent years, allowing the produc-
tion of parts with relatively complicated shapes from metallic and non-metallic materials. In some
cases, it is challenging to evaluate the ability of 3D printers to make fine details of parts. For such
an assessment, the printing of samples showing intersections of surfaces with low angle values
was considered. An experimental plan was designed and materialized to highlight the influence of
different factors, such as the thickness of the deposited material layer, the printing speed, the cooling
and filling conditions of the 3D-printed part, and the thickness of the sample. Samples using areas
in the form of isosceles triangles with constant height or bases with the same length, respectively,
were used. The mathematical processing of the experimental results allowed the determination of
empirical mathematical models of the power-function type. It allowed the detection of both the
direction of actions and the intensity of the influence exerted by the input factors. It is concluded that
the strongest influence on the printer’s ability to produce fine detail, from the point of view addressed
in the paper, is exerted by the vertex angle, whose reduction leads to a decrease in printing accuracy.

Keywords: 3D printing; printing accuracy; isosceles triangular samples; influence factors; empirical
mathematical models

1. Introduction

A remarkable expansion, both in manufacturing and in research in different fields,
can be seen at present in additive manufacturing.

The manufacturing technologies included in additive manufacturing are based on
the gradual generation of a part due to the successive deposition of the material layers
through different processes until producing the complete part. In some cases, post-additive-
manufacturing operations may be required to fit the part within the prescribed quality
parameters. The successive deposition of the layers of material can occur through processes
such as fused-deposition modeling, plastic jet printing, selective laser melting, selective
laser sintering, digital light processing, laminated object manufacturing, and stereolithog-
raphy [1–4].

The main advantage of additive manufacturing is versatility, as it is possible to pro-
duce parts with very different shapes and sizes in a wide range of materials, including
both plastics and metals. A disadvantage of additive manufacturing is its relatively low
productivity in the case of series or mass production. The problem has been solved, for the
time being, by increasing the quantity of equipment involved in the additive manufacturing
of the desired product. This has been facilitated in the last decade by a significant reduction
in the prices of certain categories of equipment used for 3D printing.
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When selecting one of the additive manufacturing processes, it is necessary to take
into account different criteria, such as the functional role of the future part [5–11], the nature
of the material from which the part will be made, the physical and mechanical properties of
the part material [12–19], the performance of the 3D-printing process [11,20], the accuracy
and roughness of the surfaces obtained, and last but not least, the cost of manufacturing
the part [7,21].

Concerning manufacturing accuracy, there are some differences of opinion between
applicants as to how it should be assessed.

Thus, many researchers have followed the extent to which it is possible to make parts
usable for medical purposes by 3D printing. Msallem et al. investigated the achievable ac-
curacy using five additive manufacturing technologies to produce anatomical mandibular
models [22]. They found that the highest accuracy corresponds to fused-filament fabri-
cation technology. According to one of their conclusions, when selecting the additive
manufacturing technology, the available materials, the destination, and the final product
cost must still be considered.

Three 3D-printing procedures were analyzed by Yoo et al. to evaluate the dimensional
accuracy that can be obtained in the case of dental models for three-unit prostheses [23].
The most accurate models were produced using the multi-jet printing process, but these
models had disadvantages in buccolingual contraction and surface roughness. Taking into
account such aspects, in the end, a procedure using a stereolithography apparatus was
preferred.

Dorweiller et al. aimed to evaluate the accuracy of vascular anatomy models manufac-
tured by two 3D-printing technologies, namely fused-deposition modeling and PolyJet [24].
The comparison of the processes was performed considering the deviations of the wall
thickness from the dimensions entered in the original STL file. The results were assessed as
acceptable for the two procedures under analysis.

A 3D-printing process based on fused-filament fabrication was used by Lee et al. to
generate 3D-printed models to delineate congenital heart disease [25]. The verification
of the manufacturing accuracy of these models was performed by comparison with com-
puted tomography images and standard tessellation language (STL) and by using specific
comparison indicators. They considered the necessary accuracy requirements to be met.

A comparison of dental stone models with some 3D-printed acrylic replicas was made
by Czajkowska et al. [26]. Precision and mechanical properties were used as comparison
criteria. The results proved the superiority of 3D-printed models in terms of the comparison
criteria used compared to dental stone models.

A comprehensive control system designed to meet the requirements of Industry 4.0
was proposed by Budzik et al. for the evaluation of products made of polymeric materi-
als [27]. They appreciated that the manufacture of thermoplastic ABS by the MEM (melted
and extruded modeling) method could ensure the highest accuracy. However, in evaluating
manufactured products, economic aspects must be taken into account.

Another group of researchers aimed to identify different shapes of parts that could be
used to test the ability of additive manufacturing processes to produce certain details of
the part [28,29] accurately.

To investigate the accuracy of 3D printing of patient aortic anatomies, Kaschwich et al. [30]
studied the differences between some computed tomography data from people and the
deviation of the 3D vascular models. The relative deviations of the measured values
showed no significant differences, proving that 3D printing can create vascular models
with reliable accuracy.

Additionally, in the medical field, some researchers compared a dental implant made
by FDM 3D printing with a light-cured template [31]. The conclusion was that the printed
implant replacement was as accurate as the light-cured template and more efficient.

Interest in the uses of 3D printing is high in the medical field, so a comparison can
also be found between milling and 3D-printing processes in the case of try-in dentures.
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The results highlighted the overall performance of 3D printing, with an excellent accuracy
placing it in the clinically acceptable range for try-in prostheses [32].

Like any process based on temperatures corresponding to the melting of material,
residual stresses are expected to occur. Appropriate solutions were analyzed and proposed
to reduce the influence of residual stresses on the manufacturing accuracy of parts, includ-
ing by considering the correlations between strength and ductility of the material [33].

2. Hypotheses

Traditionally, manufacturing processes address all actions and procedures needed to
transform raw materials and blanks into finite products. Its main stages include: producing
the blanks, manufacturing, technical checkups, assembly, dyeing, packaging, and shipment.
One of the most significant parameters that influences the ability of equipment to produce
fine details is processing accuracy. It can be defined by considering the consistency degree
between dimensions, surface quality, geometrical shape, and relative position accuracy.
In machining, it often takes into account dimensional and shape accuracy and the reciprocal
position of surfaces.

In the case of 3D printing, most of the ways mentioned above of assessing the ability of
equipment to produce high-precision parts could be supplemented by taking into account
other aspects. Given the specific conditions for generating surfaces, a 3D printer may
lead to better results than its equivalent alternatives, but these results may be affected by
certain limitations.

This paper investigates the possibilities of 3D printing of parts with areas characterized
by the intersection of surfaces at small angles. It has been assumed that the smaller the
value of the angle, the lower the accuracy of some dimensions. First, it was decided to
print samples that included triangles of the same height but with smaller and smaller
angle values. Subsequently, attention was paid to the 3D printing of samples that included
isosceles triangles characterized by the identical lengths of their bases.

The hypothesis that the accuracy of making areas with intersections in the form of
sharp vertices could be improved if the thickness of the sample were large was still consid-
ered. Previously obtained results in the case of profiles generated on a plate had confirmed
that areas characterized by intersection angles with sizes below a certain limit would no
longer be able to be materialized by 3D printing, which will affect some dimensions of
the produced parts [28]. Such a result could be even more obvious if the areas with sharp
angles were not supported by a plate to which they were attached (Figure 1a).

As mentioned, in the case proposed for investigation, the samples were first considered
small prisms, with a cross-section in the form of isosceles triangles with decreasing angles,
but with the same height of all triangles (Figure 1a).

Based on the above, the question arose as to what would result from producing
prisms with cross-sections in the form of isosceles triangles with bases of the same length b
and heights h depending on the sizes of the angles of the vertices of the isosceles triangle
(Figure 1a). In such a triangle, we can write a theoretical relation that shows the dependence
of the height h of the isosceles triangle on the length b of the base of the isosceles triangle
and the dependence of both, respectively, on the size of the vertex angle α:

h = f (b, α) (1)

Based on geometric considerations, it can be written as follows:

h =
b

2tan ∝
2

(2)
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Figure 1. Considered dimensions of the triangle (a) and a sample consisting of triangles: (b) that
have the same height h; (c) that have the same length l of the base.

Therefore, the form h = f (α, b) function will be valid in this case. The values of the
angle α and the common value b of the size of the base of the triangle are known. Thus,
it will be possible to determine the theoretical heights of the triangles. However, because it
is expected (as in the previous case) that the areas characterized by low values of angles
α cannot be produced by 3D printing, there will also be a dimensional deviation of the
heights of the real samples from the theoretical variation assumed by Equation (1).

Not only the values of the angles corresponding to the vertices of the isosceles triangles
in the previous case will influence the accuracy of achieving the height h of the triangles
when making samples by 3D printing. The research carried out so far highlights groups
of factors with possible influence on the ability of equipment to make fine details by 3D
printing. Some such groups of factors are the following:

- The values of certain dimensions that characterize the shape of the sample surfaces
to be produced (the presence of some intersections made by small values of the
intersection angles or the connection radii, the thickness of the sample, the coefficient
of the slenderness of some areas of the sample, etc.);

- Characteristics of the wire/filament generated by the printer nozzle (diameter of the
deposition filament, corresponding to the diameter of the nozzle hole) and of the fila-
ment material (melting temperature, viscosity, specific heat and thermal conductivity,
thermal shrinkage, the adhesion capacity between the deposited layers, etc.);

- Elements of thermal conditions of operation of some components/subassemblies of
the printer (heating temperature of the nozzle, temperature of the plate on which the
deposition takes place, ventilation cooling, etc.);

- Parameters that characterize the deposition conditions (travel speed between nozzle
and printer table, the thickness of the deposited layer, etc.);

- The degree of filling of the spaces between the walls of the sample, etc.
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Experiments carried out by printer manufacturers have led to the formulation of rec-
ommendations by printer manufacturers for the values of some of the working parameters
that their users could take into account.

The values of the input factors used in the 3D printing of samples consisting of
triangles designed to have the same height h were included in Table 1.

Table 1. Experimental conditions and results in 3D printing of samples consisting of triangles designed to have the same
height h.

Exp.
No.

Values of the Input Factors
Achievable Height h of the Triangle, mm,

by Considering G Code/Real Height of the
Triangle, mm, for Vertex Angle α, o, of:

Deviation,
∆, mm

Deposited
Layer

Thickness
tl, mm

Printing
Speed v,

mm/s
Cooling

c, %
Infill i,

%

Sample
Thick-
ness ts,

mm
15 11 7 3

1 0.06 50 0 22 5 23.9343/
23.8

23.2522/
23.4

21.9121/
22.2

17.3723/
17.8 0.7568

2 0.06 55 50 20 7.5 23.8254/
24

23.1613/
23.5

22.0139/
22.1

17.5799/
17.8 0.5568

3 0.06 60 100 18 10 23.815/
23.9

23.4581/
23.4

22.1120/
22.2

18.4442/
17.8 0.6568

4 0.1 50 50 18 5 23.8652/
24

23.2738/
23.4

22.5883/
22.2

17.9017/
17.7 0.5568

5 0.1 55 100 22 7.5 23.8883/
24

23.4691/
23.4

22.0833/
22.2

17.6337/
17.7 0.5568

6 0.1 60 0 20 10 23.8816/
23.9

23.4008/
23.4

21.9920/
22.2

17.6675/
17.7 0.6568

7 0.15 50 100 20 5 23.8882/
24

23.3956/
23.4

21.9474/
22.3

17.4919/
17.7 0.5568

8 0.15 55 0 18 7.5 23.8784/
23.9

23.1641/
23.4

22.2486/
22.2

17.5280/
17.7 0.6568

9 0.15 60 50 22 10 23.8670/
23.9

23.4079/
23.4

22.1936/
22.1

17.7187/
17.8 0.6568

3. Materials and Methods

A test sample with the shape and dimensions shown in Figure 1b was first designed
to verify experimentally some of the theoretical considerations mentioned above.

The actual samples were made of polylactic acid (PLA), one of the most attractive
materials for the planned experiment due to its high versatility. From the multitude of
factors capable of influencing the height of isosceles triangles, in experimental research, the
thickness tl of the deposited layer, printing speed v, cooling c, infill I, and the size of the
isosceles vertex angle α were taken into account.

The samples were produced on an Ultimaker 2+ type of equipment (made by Ultimak-
er—Netherlands) with its own designated software Ultimaker Cura.

To reduce the number of experimental tests and, at the same time, to arrive at a
sufficiently precise image of the influence exerted by the variation of the input factors in
the printing process on the values of the output parameters, a planned factorial experiment
using the Taguchi L9 method was used, with five independent variables (layer thickness,
printing speed, cooling, infill, and sample thickness) at three experimental levels. An L9
orthogonal array allows the use of a minimum number of experimental trials to study the
effect of 5 independent factors, each with three levels of evaluation. Such an experiment
can be used when accepting the hypothesis that there is no interaction between any two
factors [34].

There are many input factors of the 3D-printing process that could be considered
as independent variables. From this multitude of factors, those factors were taken into
account that could be assumed to have a significant influence on the values of the output
parameters. Attention was also paid to the possibilities of using different values for input
factors on the available 3D-printing equipment.



Machines 2021, 9, 150 6 of 12

When establishing the initial values of the independent variables (of the input factors
in the 3D-printing process), the printer manufacturer’s recommendations were taken into
account first. Thus, three distinct thicknesses tl of the deposited layers were used (0.06 mm,
0.1 mm, and 0.15 mm), as well as three printing speeds v (50 mm/s, 55 mm/s, and 60 mm/s,
three characterized cooling regimes c (0%, 50%, and 100%), three levels of filling (infill) i of
the inner space of the sample (18%, 20%, and 22%), and three thicknesses ts of the samples
(5 mm, 7.5 mm, 10 mm).

Intending to arrive at some empirical mathematical models that highlight the influence
of other input factors in the 3D-printing process, apart from those initially considered by
using the planned Taguchi L9 factorial experiment, blocks of 4 adjacent isosceles triangles
were printed, as can be seen in Figures 2 and 3 and Table 1, with vertex angles of 15◦, 11◦,
7◦, and 3◦.
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Figure 2. Images of the designed sample (a), the sample produced using reverse engineering and G code (b), and the real
sample (c) (work conditions: tl = 0.06 mm, v = 60 mm/s, cool = 100%, I = 18%, ts = 10 mm), in case of the need to obtain
triangles of the same height h, but with different values of the vertex angle α.

Preliminary tests showed, however, that it is not possible to produce acceptable
samples with a thickness below 5 mm in the same setup as the authors used. In the latter
case, due to a less acceptable combination of the values of the printing parameters (values
established based on the printer manufacturer’s recommendations), thin samples were
found that do not interrupt when switching from one isosceles triangle to another.

The values of the input factors in the process of 3D printing the samples aimed at
obtaining triangles with the same height are included in Table 1.
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Figure 3. Images of the designed sample (a), of the sample, produced using the inverse engineering
and G code (b), and of the real sample (c) (work conditions: tl = 0.06 mm, v = 60 mm/s, c = 100%,
I = 18%, ts = 10 mm), in case of the need to obtain triangles with the same length b of the base for
different values of the vertex angle α.

4. Results

According to the hypotheses initially adopted, the tests showed different heights of
the four isosceles triangles with visibly different values of the vertex angles α, in the case
of tests that were to lead to the same height h for all four isosceles triangles. In this way,
additional information was obtained on the ability of the printing equipment to achieve
precise details of the printed parts.

It was also expected that, from a practical point of view, differences in the heights of
the triangles would occur when the execution of isosceles triangles with the same size of
the base length was considered.

The actual heights h of the triangles were determined by measurement using a LeeXo
50-1600X digital optical microscope (China). The values of the heights of the triangles are
also included in Table 1.

Examination of the facilities offered by the software used to program the printing
process showed that an image of the heights of isosceles triangles achievable by 3D printing
could be obtained using a reverse-engineering process applied to the G codes developed by
the software for each situation. Thus, we designed the 3D prisms in a CAD environment,
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namely SolidEdge. We saved our samples in .stl format and imported them into the
Ultimaker Cure software, where we used specific settings for each sample. After all the
printing parameters were established, we sliced each sample and saved the document
in a .gcode file format. These files were fed to the 3D printer, and each sample was
produced. We reverse-engineered the .gcode files by importing each of them into the
Voxelizer software where, specifying exactly the same layer height as the one used for each
sample, we converted them to the .stl format. Each new .stl format document was imported
into Ansys SpaceClaim, where we measured the height h of each sample accurately.

Thus, it was possible to highlight some aspects of the printer’s capability before the
actual printing process. For a sample thickness ts = 10 mm, and for certain values of the
parameters of the printing conditions, in Figure 2, the solid model of the sample, the model
obtained by reverse engineering, and the real image of the printed sample can be observed.
Images similar to those in Figure 2, but valid for the situation when it was proposed to
obtain isosceles triangles that have the same length b of the base of the triangle and heights
h determined by the value of the vertex angle α, can be seen in Figure 3.

5. Discussion

The experimental results included in Tables 1 and 2 were mathematically processed us-
ing specialized software [35]. Thus, empirical mathematical models of the power-function
type were determined. It was preferred to identify some mathematical functions such as
power-type functions, considering that due to the intervals of variation of the input factor
values, monotone variations of the values of the heights of the isosceles triangles will be
produced from the 3D-printing process. Such mathematical models of the power-function
type are also frequently used in various situations in machine manufacturing. The mathe-
matical processing of the experimental results included in Tables 1 and 2 with the help of
specialized software was based on the least-squares method.

Table 2. Experimental conditions and results in 3D printing of samples consisting of isosceles triangles designed to have the
same length b of the base.

Exp.
No.

Values of the Input Factors
Intended Height of the Triangle, mm, by

Considering the G Code/Real Height of the
Triangle, mm, for Vertex Angle α, ◦, of:

Deviation
∆, mm

Deposited
Layer

Thickness
tl, mm

Printing
Speed v,

mm/s

Coo-
ling c,

%
Infill i,

%
Sample

Thickness,
ts, mm

15 11 7 3

1 0.06 50 0 22 5 13.9293/
13.8

18.7728/
18.8

29.1808/
29.5

67.8049/
71 0.9416

2 0.06 55 50 20 7.5 13.8192/
13.9

19.2261/
19

29.2671/
29.6

67.8508/
68.5 0.8416

3 0.06 60 100 18 10 13.9112/
13.9

18.9852/
19.1

29.4398/
29.5

67.8559/
68.4 0.8416

4 0.10 50 50 18 5 13.8178/
14

19.7232/
19

29.9709/
29.6

68.1037/
68.8 0.7416

5 0.10 55 100 22 7.5 13.8361/
14

18.7852/
18.9

29.4599/
29.5

68.246/
68.5 0.7416

6 0.10 60 0 20 10 13.8679/
14

19.125/
18.8

30.0142/
29.6

68.0931/
68.5 0.7416

7 0.15 50 100 20 5 13.9187/
14

20.1006/
19

29.5744/
29.5

67.8714/
68.5 0.7416

8 0.15 55 0 18 7.5 13.919/
14

19.161/
19

29.6599/
29.5

68.0868/
69.4 0.7416

9 0.15 60 50 22 10 14.3825/
14

19.4766/
19

30.1188/
29.5

68.0014/
68.8 0.7416

Theoretical height h of the isosceles triangle, mm, taking into
account a base length b = 3.95 mm and distinct values of the vertex

angle α
14.7416 20.3209 32.1701 75.3704

In the case of samples including triangles with desired constant height h, the following
empirical mathematical models were obtained:
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- For the height determined by using G code:

h = 5.162t−0.00121
l v0.324c0.000330i−0.0343t−0.0781

s α0.190 (3)

- By using the experimental results:

h = 19.929t−0.000713
l v−0.0860c0.000078i−0.00131t0.0215

s α0.190 (4)

Regarding the samples containing isosceles triangles with bases of the same length b,
the following mathematical models were determined:

- For the theoretical variation of the height h of the triangles, Equation (2) remains valid;
1. For the variation of the height h of the triangles determined by taking into account the

G code:

h = 43.405t0.0228
l v0.441c0.000645i0.0165t−0.123

s α−0.975 (5)

- By taking into account the experimental results:

h = 320.696t0.00120
l v−0.122c−0.0000890i−0.00440t0.0290

s α−0.992 (6)

Using the empirical mathematical models corresponding to Equations (3)–(6), the
graphical representations in Figures 4 and 5 were elaborated. Analysis of these graphical
representations and of the empirical mathematical models constituted by Equations (3)–(6)
allowed the following comments to be made.
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Figure 4. The influence exerted by the size of the angle α on the height h of the isosceles triangle,
when the intent was to obtain triangles with the same height h (tl = 0.1 mm, v = 55 mm/s, c = 55%,
I = 20, ts = 7.5 mm; the blue line corresponds to the mathematical model established by using G
code; the red line corresponds to the mathematical model determined by taking into account the
measured values).

The absolute values of the exponents attached to each of the input factors used in the
3D-printing process can be examined to reveal the intensity of the influence exerted by the
factors taken into account. It is thus found that when triangles of the same height h must be
obtained, the strongest influence is exerted by the size of the α angle at the vertices of the
isosceles triangle, since the values of the exponents attached to the α size are much higher
compared to the values of the exponents attached to the other process input factors. It can
still be seen that as the size of the α angle increases, there is an increase in the height h,
since the value of the exponent is positive. The other input factors taken into account exert
a minimal and negligible influence on the considered output parameter.
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Figure 5. The influence exerted by the size of the angle α on the height h of the isosceles triangle, when
the intent was to obtain triangles with the same length b of the base (tl = 0.1 mm, v = 55 mm/s, c = 50%,
I = 20%, ts = 7.5 mm; the blue line corresponds to the mathematical model established by using G code;
the red line corresponds to the mathematical model determined by taking into account the measured
values; the grey line corresponds to the theoretical model constituted by the Equation (1)).

The diagram in Figure 4 shows that the values obtained using G code are higher than
those determined experimentally.

In the case of isosceles triangles that were to have the same length b of the base,
increasing the value of the α angle leads to a decrease in the height h of the isosceles
triangles, as shown in Equations (5) and (6). As in the previous case and as expected,
the strongest influence is exerted by the size of the α angle, at the increase of which
there is a decrease in the height h of the isosceles triangles. It should be noted that both
mathematical models lead to identical values of the exponent attached to the size of the
α angle (−0.975).

In this case, the values based on the G code are lower compared to the measured
values and those corresponding to the theoretical model constituted by Equation (2). It can
be seen that the values obtained using the empirical mathematical model are close enough
to those determined by using the theoretical mathematical model that in the graphical rep-
resentation in Figure 5, the two curves almost coincide. An explanation could consider the
thermal phenomena that develop during the printing process and the material’s behavior
when brought into the plastic state by melting during the 3D-printing process.

An assessment of the situation in which it is possible to obtain the lowest value
∆ for the difference between the values obtained by experimental tests and the values
corresponding to the theoretical model of Equation (2) can be made by following the
values included in the last columns of Tables 1 and 2. Thus, it can be found that there are
several combinations of the values of the input factors in the 3D-printing process that led
to the reduction of the deviation ∆ from the desired values of the heights h. In the case of
triangles that should have the same height h (Table 1), it is found that the combinations
of values of the input factors corresponding to the experiments with numbers 4–9 ensure
minimum deviation values ∆. For triangles that had to have the same length b of the base
(Table 2), the input factors corresponding to the experimental tests with numbers 4–9 lead
to minimal deviations.

6. Conclusions

The problem of producing fine detail by 3D-printing processes continues to be a
concern for researchers involved in the investigation and use of such processes. Complete
factorial experiments were designed and materialized based on the initial use of Taguchi
L9 factorial experiments, with five independent variables at three experimental levels.
Additionally, four values of the intersection angles of the flat surfaces corresponding to
prismatic surfaces with cross-sections in the form of isosceles triangles were taken into
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account. In this way, the input factors considered were the thickness of the deposited layer,
the printing speed, the degree of cooling, the infill level, the thickness of the sample, and
the size of the intersection angle of the flat surfaces, respectively.

The experimental tests first aimed at obtaining isosceles triangles with the same height
but with different values of the vertex angle. Subsequently, other triangles characterized by
the same value of the base length and by distinct values of the vertex angle were considered.
The mathematical processing using specialized software led to obtaining some empirical
mathematical models of the power-function type.

The analysis of these mathematical models showed that the factors with the strongest
influence on the deviations from the theoretically designed heights of the triangles were
the value of the vertex angle of the isosceles triangle and the printing speed, respectively.
The analysis of the differences between the theoretical values of the heights of isosceles
triangles and the values of these heights determined experimentally highlighted the exis-
tence of some combinations of the values of the input factors for which the deviations are
minimal. In the future, the intent is to continue experimental research by considering the
influence of other input factors in the 3D-printing process, one of these factors being the
nature of the material used for deposition.

Author Contributions: Conceptualization, L.S.; Data curation, A.M.M. and G.N.; Formal analysis,
A.M.M. and A.H.; Investigation, A.M.M.; Methodology, A.H. and O.D.; Project administration,
L.S.; Resources, G.N.; Validation, A.M.; Visualization, O.D.; Writing—original draft, L.S.; Writing—
review & editing, A.M.M. and A.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Brischetto, S.; Maggiore, P.; Ferro, C.G. (Eds.) Additive Manufacturing Technologies and Applications; MDPI: Basel, Switzerland, 2017;

pp. 1–180. [CrossRef]
2. Ponis, S.; Aretoulaki, E.; Maroutas, T.N.; Plakas, G.; Dimogiorgi, K. A systematic literature review on additive manufacturing in

the context of circular economy. Sustainability 2021, 13, 6007. [CrossRef]
3. Mehrpouya, M.; Dehghanghadikolaei, A.; Fotovvati, B.; Vosooghnia, A.; Emamian, S.S.; Gisario, A. The potential of additive

manufacturing in the smart factory industrial 4.0: A review. Appl. Sci. 2019, 9, 3865. [CrossRef]
4. Asnaf, N. Metal Additive Manufacturing—State of the Art 2020. Metals 2021, 11, 867. [CrossRef]
5. Arefin, A.M.E.; Khatri, N.R.; Kulkarni, N.; Egan, P.F. Polymer 3D Printing Review: Materials, Process, and Design Strategies for

Medical Applications. Polymers 2021, 13, 1499. [CrossRef]
6. Azad, M.A.; Olawuni, D.; Kimbell, G.; Badruddoza, A.Z.M.; Hossain, M.S.; Sultana, T. Polymers for extrusion-based 3D printing

of pharmaceuticals: A holistic materials–process perspective. Pharmaceutics 2020, 12, 124. [CrossRef]
7. Bagalkot, A.; Pons, D.; Symons, D.; Clucas, D. Analysis of raised feature failures on 3D printed injection moulds. Polymers 2021,

13, 1541. [CrossRef] [PubMed]
8. Gwamuri, J.; Franco, D.; Khan, K.Y.; Gauchia, L.; Pearce, J.M. High-efficiency solar-powered 3-D printers for sustainable

development. Machines 2016, 4, 3. [CrossRef]
9. Mantelli, A.; Romani, A.; Suriano, R.; Diani, M.; Colledani, M.; Sarlin, E.; Turri, S.; Levi, M. UV-Assisted 3D printing of polymer

composites from thermally and mechanically recycled carbon fibers. Polymers 2021, 13, 726. [CrossRef] [PubMed]
10. Nath, S.D.; Nilufar, S. An Overview of Additive Manufacturing of Polymers and Associated Composites. Polymers 2020, 12, 2719.

[CrossRef] [PubMed]
11. Ziółkowski, M.; Dyl, T. Possible Applications of Additive Manufacturing Technologies in Shipbuilding: A Review. Machines 2020,

8, 84. [CrossRef]
12. Amza, C.G.; Zapciu, A.; Constantin, G.; Baciu, F.; Vasile, M.I. Enhancing mechanical properties of polymer 3D printed parts.

Polymers 2021, 13, 562. [CrossRef] [PubMed]
13. Avdeev, A.; Shvets, A.; Gushchin, I.; Torubarov, I.; Drobotov, A.; Makarov, A.; Plotnikov, A.; Serdobintsev, Y. Strength increasing

additive manufacturing fused filament fabrication technology, based on spiral toolpath material deposition. Machines 2019, 7, 57.
[CrossRef]

http://doi.org/10.3390/books978-3-03842-549-6
http://doi.org/10.3390/su13116007
http://doi.org/10.3390/app9183865
http://doi.org/10.3390/met11060867
http://doi.org/10.3390/polym13091499
http://doi.org/10.3390/pharmaceutics12020124
http://doi.org/10.3390/polym13101541
http://www.ncbi.nlm.nih.gov/pubmed/34064963
http://doi.org/10.3390/machines4010003
http://doi.org/10.3390/polym13050726
http://www.ncbi.nlm.nih.gov/pubmed/33673468
http://doi.org/10.3390/polym12112719
http://www.ncbi.nlm.nih.gov/pubmed/33212903
http://doi.org/10.3390/machines8040084
http://doi.org/10.3390/polym13040562
http://www.ncbi.nlm.nih.gov/pubmed/33668615
http://doi.org/10.3390/machines7030057


Machines 2021, 9, 150 12 of 12

14. Calignano, F.; Lorusso, M.; Roppolo, I.; Minetola, P. Investigation of the Mechanical Properties of a Carbon Fibre-Reinforced
Nylon Filament for 3D Printing. Machines 2020, 8, 52. [CrossRef]

15. Ferrari, F.; Corcione, C.E.; Montagna, F.; Maffezzoli, A. 3D printing of polymerwaste for improving people’s awareness about
marine litter. Polymers 2020, 12, 1738. [CrossRef]

16. Mazzanti, V.; Malagutti, L.; Mollica, F. FDM 3D printing of polymers containing natural fillers: A review of their mechanical
properties. Polymers 2019, 11, 1094. [CrossRef]

17. Pezzana, L.; Riccucci, G.; Spriano, S.; Battegazzore, D.; Sangermano, M.; Chiappone, A. 3D printing of PDMS-like polymer
nanocomposites with enhanced thermal conductivity: Boron nitride based photocuring system. Nanomaterials 2021, 11, 373.
[CrossRef]

18. Ritzen, L.; Montano, V.; Garcia, S.J. 3D printing of a self-healing thermoplastic polyurethane through fdm: From polymer slab to
mechanical assessment. Polymers 2021, 13, 305. [CrossRef]

19. Wickramasinghe, S.; Do, T.; Tran, P. FDM-based 3D printing of polymer and associated composite: A review on mechanical
properties, defects and treatments. Polymers 2020, 12, 1529. [CrossRef] [PubMed]

20. Jones, A.; Straub, J. Concepts for 3D printing-based self-replicating robot command and coordination techniques. Machines 2017,
5, 12. [CrossRef]

21. Straub, J. Initial Work on the Characterization of Additive Manufacturing (3D Printing) Using Software Image Analysis. Machines
2015, 3, 55–71. [CrossRef]

22. Msallem, B.; Sharma, N.; Cao, S.; Halbeisen, F.S.; Zeilhofer, H.F.; Thieringer, F.M. Evaluation of the dimensional accuracy of
3d-printed anatomical mandibular models using FFF, SLA, SLS, MJ, and BJ printing technology. J. Clin. Med. 2020, 9, 817.
[CrossRef]

23. Yoo, S.-Y.; Kim, S.-K.; Heo, S.-J.; Koak, J.-Y.; Kim, J.-G. Dimensional accuracy of dental models for three-unit prostheses fabricated
by various 3d printing technologies. Materials 2021, 14, 1550. [CrossRef]

24. Dorweiler, B.; Baqué, P.E.; Chaban, R.; Ghazy, A.; Salem, O. Quality control in 3D printing: Accuracy analysis of 3D-printed
models of patient-specific anatomy. Materials 2021, 14, 1021. [CrossRef]

25. Lee, S.; Squelch, A.; Sunm, Z. Quantitative assessment of 3D printed model accuracy in delineating congenital heart disease.
Biomolecules 2021, 11, 270. [CrossRef]

26. Czajkowska, M.; Walejewska, E.; Zadrozny, Ł.; Wieczorek, M.; Swieszkowski, W.; Wagner, L.; Mijiritsky, E.; Markowski, J.
Comparison of dental stone models and their 3D printed acrylic replicas for the accuracy and mechanical properties. Materials
2020, 13, 4066. [CrossRef] [PubMed]

27. Budzik, G.; Wozniak, J.; Paszkiewicz, A.; Przeszłowski, Ł.; Dziubek, T.; Debski, M. Methodology for the quality control process of
additive manufacturing products made of polymer materials. Materials 2021, 14, 2202. [CrossRef]

28. Slătineanu, L.; Dodun, O.; Nagit, G.; Coteat,ă, M.; Bosoancă, G.; Bes, liu, I. Fine details obtained by 3D printing and using polymers.
Mater. Plast. 2018, 55, 474–477. [CrossRef]

29. Boca, M.-A.; Sover, A.; Slătineanu, L. The dimensional accuracy of the test parts made of various plastic materials by the fused
filament fabrication process. IOP Conf. Ser. Mater. Sci. Eng. 2020, 997, 012021. [CrossRef]

30. Kaschwich, M.; Horn, M.; Matthiensen, S.; Stahlberg, E.; Behrendt, C.A.; Matysiak, F.; Bouchagiar, J.; Dell, A.; Ellebrecht, D.;
Bayer, A.; et al. Accuracy evaluation of patient-specific 3D-printed aortic anatomy. Ann. Anat. 2021, 234. [CrossRef]

31. Sun, Y.; Ding, Q.; Tang, L.; Zhang, L.; Sun, Y.; Xie, Q. Accuracy of a chairside fused deposition modeling 3D-printed single-tooth
surgical template for implant placement: An in vitro comparison with a light cured template. J. Cranio Maxillofac. Surg. 2019, 47,
1216–1221. [CrossRef]

32. Herpel, C.; Tasaka, A.; Higuchi, S.; Finke, D.; Kühle, R.; Odaka, K.; Rues, S.; Lux, C.-J.; Yamashita, S.; Rammelsberg, P.; et al.
Accuracy of 3D printing compared with milling—A multi-center analysis of try-in dentures. J. Dent. 2021, 110, 103681. [CrossRef]
[PubMed]

33. Wu, H.; Fan, G. An overview of tailoring strain delocalization for strength-ductility synergy. Prog. Mater. Sci. 2020, 113, 100675.
[CrossRef]

34. Chapter 2 Introduction to Taguchi Method. University of Massachusetts Amherst. Available online: http://www.ecs.umass.edu/
mie/labs/mda/fea/sankar/chap2.html (accessed on 16 July 2021).

35. Cret,u, G. Fundamentals of Experimental Research; “Gheorghe Asachi” Technical University of Iasi: Iasi, Romania, 1992. (In Romanian)

http://doi.org/10.3390/machines8030052
http://doi.org/10.3390/polym12081738
http://doi.org/10.3390/polym11071094
http://doi.org/10.3390/nano11020373
http://doi.org/10.3390/polym13020305
http://doi.org/10.3390/polym12071529
http://www.ncbi.nlm.nih.gov/pubmed/32664374
http://doi.org/10.3390/machines5020012
http://doi.org/10.3390/machines3020055
http://doi.org/10.3390/jcm9030817
http://doi.org/10.3390/ma14061550
http://doi.org/10.3390/ma14041021
http://doi.org/10.3390/biom11020270
http://doi.org/10.3390/ma13184066
http://www.ncbi.nlm.nih.gov/pubmed/32933195
http://doi.org/10.3390/ma14092202
http://doi.org/10.37358/MP.18.4.5056
http://doi.org/10.1088/1757-899X/997/1/012021
http://doi.org/10.1016/j.aanat.2020.151629
http://doi.org/10.1016/j.jcms.2019.03.019
http://doi.org/10.1016/j.jdent.2021.103681
http://www.ncbi.nlm.nih.gov/pubmed/33905767
http://doi.org/10.1016/j.pmatsci.2020.100675
http://www.ecs.umass.edu/mie/labs/mda/fea/sankar/chap2.html
http://www.ecs.umass.edu/mie/labs/mda/fea/sankar/chap2.html


Citation: Panaite, C.E.; Mihalache,

A.-M.; Dodun, O.; Slătineanu, L.;
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Abstract: A better understanding of heat transfer through materials used for 3D-printed parts
could lead to an extension and an optimization of their use. A topic of interest could be analyzing
temperature variation in these materials during cooling processes. Experimental research and
equipment were designed to obtain additional information on the surface temperature decrease when
the opposite wall surface is exposed to a freezing temperature. Experimental tests were performed on
samples made of polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS). An experimental
Taguchi L8 program was used, with seven independent variables at two levels of variation. The
experimental data analysis with specialized software based on the least-squares method identified a
mathematical model of first-degree polynomial type. The coefficients for each input factor involved
provide information on the magnitude and trend of the considered output parameter when the input
factors’ values change. It was found that the thickness of the 3D printing layer, the thickness of the
test sample, and the 3D printing speed are the main factors that affect the temperature decrease rate.

Keywords: heat transfer; polymer materials; 3D printing; influencing factors; empirical mathematical
model; experimental Taguchi L8 program

1. Introduction

Thermal conductivity is a physical property that evaluates the ability of a material
to conduct heat. Its importance becomes significant when choosing proper materials for
different applications. For cooling or heating purposes, materials with higher thermal
conductivity are chosen, while lower thermal conductivity materials are recommended for
insulation applications.

Various methods are employed to determine the thermal conductivity of materials,
mainly based on measuring temperatures on opposite walls of a test sample of known
material and dimensions under a specified heat flux. Methods used to evaluate the thermal
conductivity of materials include the guarded hot plate method, axial flow method, cylin-
der method, flash method, hot wire method, needle probe method, and transient plane
method [1–8].

Metallic materials are good heat conductors, as temperature variation on one surface
causes a relatively rapid temperature variation on its other surfaces. On the contrary,
materials that are poor heat conductors are considered thermally insulating. This category
includes polymeric materials, usually with low thermal conductivity values.
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The last decades have highlighted an expansion of polymeric material usage in many
areas (automotive or other means of transportation [9–11], household items [10,12–14],
industrial equipment [15,16], medicine [17–19], etc.). Moreover, there is a clear trend toward
expanding the fabrication of polymer parts through 3D printing processes. As 3Dprinting
equipment patents expired more than two decades ago, many companies got involved in
the industrial manufacturing of 3D printers.

3D printing is part of the broader category of additive manufacturing processes,
i.e., parts are obtained gradually by successive addition of new layers of a material. 3D
printing processes developed further when software advancements made part dimensional
characterization possible with adequate accuracy, which is crucial for successive layer
deposition.

One of the 3D printing processes is based on melting a polymer wire and gradual
molten material deposition, with the part being generated from successive layers. The
shape of each layer is generated by complex relative movement between the nozzle with
the molten material and the printer base plate. This is called the fused filament fabrication
method.

The analysis of some practical aspects of this manufacturing method revealed sev-
eral input factors that influence the material properties of the final product. Therefore,
researchers performed more in-depth investigations on fused filament additive manufac-
turing processes regarding input factors that influence different physical and mechanical
properties of the 3D-printed part, such as thermal conductivity.

There is a special interest in using polymeric materials for thermal insulation of
residential, commercial, or industrial buildings to reduce the effects of excessive cold or
heat. Such materials’ low heat transfer conductive capacity may represent a significant
argument for using polymers as thermal insulating materials [8,9,15,16,20–26]. However,
the material properties of a part manufactured by 3D printing can be influenced by thermal
interactions during the 3D printing process between the process components (filaments,
printing support, environment) [20].

Elkholy and Kempers evaluated the thermal properties of polymers test samples
manufactured by 3D printing [27]. The test sample is placed between two blocks, one for
cooling and one for heating, and the blocks’ temperatures are determined. Elkholy et al.
developed research that aimed to highlight the anisotropic behavior of some samples made
by fused filament fabrication [28].

In a review paper on expanded polystyrene in building construction, Ramli Sulong
et al. also highlighted this material’s good thermal insulation capacity [21].

Extensive research completed by a doctoral thesis that addresses issues related to the
thermal insulation capacity of 3D-printed materials was conducted by M. Harris [22]. Exper-
imental research was performed on samples of polylactic acid and blends of high-density
polyethylene and polypropylene with different thermoplastics (acrylonitrile butadiene
styrene and polylactic acid).

Doğan and Tan [23] theoretically investigated (using a model based on finite elements
and ANSYS software) and performed experimental research on the thermal behavior of
some expanded polystyrene blocks.

An evaluation of the thermal insulation capability of some polystyrene foam structures
containing rice hulls was made by Flores [29]. The author estimated that the density of a
material could significantly influence the thermal insulation value. Polystyrene is currently
used as a thermally insulating material where appropriate conditions are available and
there are no health risks.

Eom et al. conducted experimental research to highlight the behavior of the thermal
insulation capacity of structures made of 3D-printed thermoplastic polyurethane [24]. They
found that increasing the air gap is more effective than increasing the pore size.

Grabowska and Kasperski addressed the issue of structure optimization for 3D-printed
polypropylene multilayer films, with closures of different shapes and sizes [25]. The
authors found that the best thermal insulation corresponds to single-layer quadrangle and
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hexagonal closures, with a structural density of 180 kg/m3. The thermal conductivity was
0.0591 W/(m·K).

T. de Rubeis addressed the issue of manufacturing 3D-printed blocks used as thermal
insulation materials for buildings [26]. The author used a specially designed hot box to
assess the thermal insulation capability to ensure known, repeatable, and steady thermal
experimental conditions. The infrared thermography technique and heat flow meter
method were also used to characterize the thermal insulation of the 3D-printed blocks.

Other published research assessed the ability of polymeric materials as a heat transfer
medium or issues involving the thermal conductivity of polymers [30,31].

Given the fairly widespread use of polystyrene as thermal insulation for buildings,
researchers have been concerned with better characterizing the behavior of this material
from the point of view of thermal conductivity [21,29,32–35].

The research presented in this paper aimed to highlight the influence of some fac-
tors regarding test sample thickness or the influence of manufacturing conditions on a
temperature decrease for test samples of polylactic acid (PLA) and acrylonitrile butadiene
styrene (ABS), respectively. It also identified empirical mathematical models that would
provide information on the temperature decrease rate for changing values of several factors
defining test sample thickness and the conditions of the 3D printing process.

2. Materials and Methods
Assumptions Regarding Heat Transfer in Plastic Parts Made by Additive Manufacturing

The quality of thermally insulating materials of 3D-printed parts can effectively refer
to the decrease in heat transfer rate for different materials.

The test arrangement shown in Figure 1 was considered. A flexible-wall package
containing a low-temperature liquid solution (gel coolant) was used. The package flexibility
enables contact over a large area between the coolant and the test sample surface of the
3D-printed material.
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Figure 1. Clamping of the flexible-wall package with gel coolant on the test sample side.

This research aimed to develop diagrams of temperature variation on the free surface
of the 3D-printed test samples manufactured with different adjustments to the printer’s
working parameters. Measurements were performed on the test sample’s free flat surface
opposite the cooled surface. The flexible-wall package ensured that the gel coolant was
initially at −15 ◦C. It is expected that the temperature of the free flat surface will gradually
decrease due to heat transfer through the test sample material. The rate of this process
depends on the material thermal properties, especially its thermal conductivity.
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There are heat gains towards the gel-coolant package during measurements from the
test sample and from the environment. All components shown in Figure 1 were enclosed in
a wooden box (low thermal conductivity) and insulated with polystyrene foam to minimize
the latter ones. To ease the process of changing the test samples and cooling packages, the
box was provided with two doors with holes in the central areas; these doors were also
used to perform periodic temperature measurements using IR thermometers (Figure 2).
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Figure 2. Schematic representation of the experimental arrangement.

The test materials were PLA and ABS. They are two polymeric materials frequently
used in 3D printing processes.

The PLA filament used in this experimental research was brown and was delivered
by Fillamentum Manufacturing Czech s.r.o. (Hulín, Czech Republic). The filament of
the second material (white ABS) was produced by the manufacturer of the 3D printing
equipment (Ultimaker, Utrecht, Netherlands). The use of ABS filament made by the
manufacturer of the 3D printing equipment was preferred, considering that this is a safer
solution and verified by the manufacturer. It was estimated that more rigorous requirements
would accomplish ABS test sample manufacturing by printing.

Observation. The glass transition temperature is when the material changes from
a brittle, hard state to a soft rubbery state. The Differential Scanning Calorimetry (DSC)
evaluates the heat flow and compares the amount of heat supplied to the test sample with
a similarly heated “reference” to establish the transition points. The Dynamic Mechanical
Analysis (DMA) evaluates a material’s response to an applied oscillating stress and the
influence of temperature and frequency on that response [36].

ABS white is a mixture of acrylonitrile-co-butadiene-co-styrene, polyethylene tereph-
thalate, and polycarbonate. The manufacturers indicated the characteristics of the two
materials. Thus, PLA is an industrial composter containing more than 98% polylactide
resin. Similar information and compositions on the two filament materials (ABS and PLA)
are also provided by other manufacturers of materials used in 3D printing. Some physical
properties of the two materials analyzed in this research are presented in Table 1.
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Table 1. Some physical properties of the materials of test samples made by 3D printing [37,38].

Physical Property Material

PLA ABS

Thermal conductivity
[W/(m·K)] 0.13 0.173

Density [kg/m3] 1240 1040

Glass transition [◦C] 57 by DSC
63 by DMA

105 by DSC
108 by DMA

Heat deflection temperature
[◦C] 49 96

Coefficient of thermal
expansion [m/m·K] 41 × 10−6 72 × 10−6

Heat capacity [J/kg·K] 1800 1670

Theoretically, a model of heat transfer following the first law of thermodynamics [39]
yields the equation:

dEΩ

dt
= Pstr + Qexch, (1)

A mathematical model such as Equation (1) can be used to detect possible thermal
degradation of polymeric material when chemical changes occur due to exposure to higher
temperatures in the absence of oxygen, where EΩ is the internal energy, t is the time, Pstr
is the stress power, and Qexch is the exchanged heat rate. This theoretical relationship
considers the stress power factor when the power is converted into heat by dissipation [39].

3. Results
3.1. Finite Element Modeling of Thermal Conductivity Variation

The finite element analysis models the temperature variation within the test sample
for a certain time after the flexible-wall package with gel coolant was placed on the sample
side surface. Using the ANSYS R19.2 software, the graphical representation in Figure 3
provides an image of temperature distribution in a PLA test sample.
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Test samples of various thicknesses were subjected to a gel coolant at a temperature of
about −15 ◦C on one of the large side flat surfaces. The experimental research intended
to analyze the temperature variation in time during the cooling process, especially in the
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center of the surface opposite the one being cooled. Numerical modeling used the finite
element method with the working conditions mentioned in Table 2. Thermal conductivities
values of 0.13 W/(m·K) for PLA and 0.173 W/(m·K) for ABS were considered.

Figure 3 shows the temperature distribution of the investigated area after 180 s from
the start of the cooling process. The test sample temperature reaches −5 ◦C in the center and
has higher values towards the edges of the test sample. The smaller values of temperature
decrease at the edges and corners of the test sample may be explained by the larger influence
of the clamping subsystem and the heat gain effect from the outside.

Eventually, the corners will reach the same temperature as the center area, provided
the test sample’s cooling process is long enough. In the case of the ABS material, with a
thickness of 3 mm, the temperature difference between the corners and the center area of
the test sample is about 1.5 ◦C. In contrast, for the case of PLA material, the difference is
2.5 ◦C. The numerical model developed using the finite element method shows that the
ABS polymeric material cools faster and is more uniform than the PLA material.

Similar behavior is observed for thinner samples of 1 mm, but the samples cooled
faster than the 3 mm thick ones.

Graphical representations obtained using the finite element method agree with the
results obtained from thermal imaging infrared camera (Figure 4). The temperature distri-
bution images from the IR camera provided visual information on temperature variation
during the cooling process. The ST 660 Series infrared thermometer performed more accu-
rate temperature measurements at a particular location on the sample surface. Knowing
the temperature distribution within the part used for the FEM analysis is important when
the parts are subjected to mechanical stress in an environment with large temperature
variations.
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after 120 s from the start of the cooling process for the test sample no. 8.
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Table 2. Experimental conditions and results for a factorial experimental plan L8 (27−4 = 8 experimental tests).

Experiment
No.

Input Factors (Coded Value/Real Value) Output
Parameter

1
Test Sample

Material,
m(PLA/ABS)

2
Test Sample
Thickness, h,

mm

3
Printing
Speed, s,

mm/s

4
Cooling, c,

%

5
Infill, i,

%

6
Deposited

Layer
Thickness, l,

mm

7
Time, t,

min

Real Value,
∆θ, after 120 s

According to the
Polynomial of

First-Order
Empirical Model

According to the
Power Type

Empirical Model

Column No. 1 2 3 4 5 6 7 8 9 10 11

1 1/PLA 1/1 1/45 1/0 1/22 1/0.06 1/0 36 35.98 38.5

2 1/PLA 1/1 1/45 2/100 2/18 2/0.15 2/120 31 30.97 31.3

3 1/PLA 2/3 2/55 1/0 1/22 2/0.15 2/120 22 21.97 22.5

4 1/PLA 2/3 2/55 2/100 2/18 1/0.06 1/0 25 24.99 24.4

5 2/ABS 1/1 2/55 1/0 2/18 1/0.06 2/120 38 37.97 38.8

6 2/ABS 1/1 2/55 2/100 1/22 2/0.15 1/0 25 24.98 24.3

7 2/ABS 2/3 1/45 1/0 2/18 2/0.15 1/0 11 10.99 10.8

8 2/ABS 2/3 1/45 2/100 1/22 1/0.06 2/120 24 23.97 24.2
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3.2. Experimental Conditions

The main objective of the experimental research was to study the behavior of some
3D-printed test samples of two different polymers subjected to a temperature decrease.
Another objective was to model the influence exerted by some factors that characterize the
3D printing process on the temperature decrease rate when one of the test sample surfaces
was subjected to a forced decrease in temperature.

An Ultimaker 2 printer was used as 3D printing equipment to manufacture the eight
test samples (Figure 5).
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The possibility of using an experimental test program was considered [40,41]. A
Taguchi L8 program with seven independent variables at two levels of experimentation
was preferred, which accepts a monotonous variation of the values of the output param-
eters of the investigated process, i.e., without the presence of minimums or maximums.
The statement may be valid for not-too-large intervals of the input factor values in the
investigated process. However, processing the results of the experimental tests by the
least-squares method may also lead to the identification of mathematical models for the
variation of an output parameter, which is more complex than the mathematical model
corresponding to a polynomial of first-degree.

Two levels of variation were adopted for each of the variables considered. In columns
2–8 of Table 2, the coded values of the input factor values were taken into account as
independent variables (at the fraction numerator), and the actual values of those factors (at
the fraction denominator) were entered as fractions.

The seven independent variables were as follows:

1. The nature of the test sample material. Test samples of polylactic acid (PLA) and
acrylonitrile butyl styrene (ABS) with dimensions of 100 mm × 100 mm × (1 or 3) mm
were printed, respectively. In Table 2, the values defining the experimental conditions
and the values of an output parameter were entered. The PLA material and the ABS
material were assigned symbols 1 and symbol 2, respectively. The symbol m was used
for the material identified as an independent variable;

2. The test sample thickness h. The two levels of this factor correspond to a thickness of
1 mm and 3 mm, respectively;

3. Printing speed s. The values of this input factor were 45 mm/s and 55 mm/s, respec-
tively. It was considered that the printing speed could affect the arrangement of the
molten polymer when the layers of the future test sample were generated, and thus,
the thermal conductivity of the deposited material could be affected;

4. The cooling conditions provided by the 3D printer, symbolized by the letter c and
expressed as a percentage, using the symbol 1 for lack of cooling and 2 for the
maximum use of the cooling subsystem of the 3D printer;

5. Level i of the infill, for which the values used were 22% (level 1) and 18% (level 2),
respectively;
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6. The thickness l of the layer deposited during 3D printing is 0.06 mm and 0.15 mm, re-
spectively. The values of the input factors that define the working conditions used for
the 3D printing process were established by taking into account the recommendations
for such a manufacturing process;

7. The size t of the time interval at which the temperature measurement was performed.

In Figure 6, the eight test samples (four of PLA and four of ABS) used in the experiment
can be observed, with the corresponding data listed in Table 2. After a flexible-wall
package containing the gel coolant was placed in contact with one test sample surface, the
temperature was measured on the opposite surface at 60 s intervals using an ST 660 Series
infrared thermometer.
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Figure 6. Test samples obtained by 3D printing of ABS (white) and PLA (brown) used to evaluate the
temperature decrease in a certain time interval.

The IR thermometer can measure temperatures between −50 ◦C and 999 ◦C. According
to the manufacturer’s specifications, the thermometer has a repeatability of ±1 ◦C and a
resolution of 1 ◦C.

To verify the accuracy of the IR thermometer, test measurements were performed to
determine the temperature at the bottom of an aluminum container with a 30 mm thick
layer of boiling distilled water. The temperature indicated by the infrared thermometer
from a distance of 250 mm was 99 ◦C. The experimental results were consistent with the
device characteristics provided by the manufacturer, even if possible influences of the
presence of water, the variation of the water layer thickness due to the boiling, and the
thermal behavior of the aluminum container’s bottom wall are taken into account.

First measurements of temperature variation were taken (as shown in the schematic
representations in Figures 1 and 2) to establish the magnitude of the time interval required
to determine the empirical mathematical model. As the parameter of interest was the
ability of the test sample material to sense the temperature decrease, measurements were
performed until, after the initial decrease, the temperature remained somewhat constant for
a short time and then began to rise. The results of the measurements are listed in Table 3.

A graphical representation of the temperature decrease measured on the free surface
of the test sample can be seen in Figure 7. The analysis of the data in Table 3 and Figure 7
defined the initial 120 s as the optimum time interval that could provide useful information
on the thermal conductivity of the test sample material by a certain temperature decrease
∆θ.

The graph in Figure 7 shows that for the time interval between 0 and 120 s, the
temperature of the test sample free surface decreased continuously, even reaching the
approximately constant temperature period before starting to grow again. For each test
sample made of the two materials (PLA and ABS) and each experiment, the values ∆θ of
the temperature decrease were entered for 0–120 s in column 9 of Table 2.
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Table 3. The time variation of the free surface temperature after bringing the opposite test sample
surface in contact with the gel coolant package.

Exp.
No.

Time, t, s

0 60 120 180 240 300 360 420 480 540 600 660

1 23 −8 −13 −15 −16 −17 −15 −13
2 23 −5 −8 −12 −12 −9 −5 −5
3 23 4 1 0 −3 −3 −8 −7 −6 −5
4 23 5 −2 −5 −6 −7 −8 −9 −9 −8 −8 −8
5 23 −15 −15 −14 −11 −11 −11 −11
6 23 5 −2 −4 −5 −5 −5 −3 −2
7 23 17 12 8 5 3 2 0 −1 0 1
8 23 3 −1 −6 −8 −6 −5 −8
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4. Discussion

The values of the input factors taken into account and the values ∆θ of the temperature
decrease were introduced in a specialized software designed to identify an empirical
mathematical model according to the results of the experimental tests [42]. This program is
based on the least-squares method. It allows the selection of the most appropriate empirical
mathematical model from five such possible models (first-degree polynomial, second-
degree polynomial, power type function, logarithmic function, and hyperbolic function).
The selection of the most appropriate program is based on the value of the so-called Gauss
criterion.

The value of the Gauss criterion is calculated as a sum of the squares of the ordinate
differences corresponding to the experimental results and those determined using the
empirical mathematical model considered for the same values of the input factors. The
lower the value of Gauss’s criterion, the better the empirical mathematical model considered
agrees with the experimental results.

It was found that, among the five versions of empirical mathematical models, the most
appropriate concerning the experimental results is the first-degree polynomial type, which
has the form:

∆θ = 39.916 − 3.999m − 5.999h + 0.200s − 0.00499c + 0.124i − 94.444l + 0.0374t, (2)

where the value of Gauss’s criterion is SG = 2.379693 × 10−9.
Note that this first-degree polynomial provides direct information about the magni-

tude and direction of the variation of the output parameter (∆θ) to the variation of each
input factor value by analyzing the values of the coefficients attached to each of the input
factors considered. A similar property is presented by the mathematical model of the
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power-type function. Power-type empirical mathematical models have often been pre-
ferred (for example, to highlight the influence of cutting conditions on tool life, surface
roughness, cutting force component sizes, etc.). For this reason, it was considered useful
to take into account, for the analyzed situation, an empirical mathematical model of the
power function type, which has the form:

∆θ = 0.214m−0.336h−0.457s0.691c0.00415i0.512l−0.411t0.016, (3)

where the value of the Gauss’s criterion is SG = 2.430406·× 10−7, a value higher than that
when using the mathematical model of the first-degree polynomial type, identified by the
software used as the most suitable for the experimental results.

The last two columns (10 and 11) in Table 2 list the values calculated for those two
empirical mathematical models. Thus, the extent to which the values determined by using
the two types of empirical mathematical models (first-degree polynomial and power-type
function) approach the values determined by experimental research may be observed.

Analysis of the differences between the real values of the temperature decrease ∆θ and
the values determined using the first-degree polynomial empirical mathematical model
shows that these errors are between the limits of 0.19 ◦C (for experiment no. 7) and 2.53 ◦C
(for experiment no. 1). One may observe the relatively low differences between the values
obtained experimentally and those determined using the proposed empirical mathematical
models, highlighting the empirical models’ adequacy to the experimental results.

Using the mathematical model based on Equation (2), the graphical representations
from Figures 8–10 were elaborated.
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Figure 8. Influence of test sample thickness h and printing speed s on the temperature decrease ∆θ

(m = 1 (PLA), c = 100%, i = 18%, l = 0.06 mm, t = 120 s; the differences between the real values and
those implied by the proposed empirical mathematical model are between the limits of 0.19 ◦C (for
experiment no. 7) and 2.53 ◦C (for experiment no. 1)).
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Figure 9. Influence of infill i and layer thickness l on temperature decrease ∆θ (m = 1 (PLA), h = 1
mm, s = 45 mm/s, c = 100%, t = 120 s; the differences between the real values and those implied by
the proposed empirical mathematical model are between the limits of 0.19 ◦C (for experiment no. 7)
and 2.53 ◦C (for experiment no. 1)).
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Figure 10. The influence exerted by time t on the temperature decrease ∆θ for the two mate-rials
considered (h = 1 mm, s = 45 mm/s, c = 100%, i = 18%, l = 0.06 mm; the differences between the real
values and those implied by the proposed empirical mathematical model are between the limits of
0.19 ◦C (for experiment no. 7) and 2.53 ◦C (for experiment no. 1)).

Thus, an increase in the values of printing speed s, infill i, deposited layer thickness l,
and time t increases the temperature ∆θ because the values of coefficients attached to the
respective input factors in the first-degree polynomials are positive. At the same time, an
increase in the test sample thickness h and the characteristic related to cooling conditions c
lead to a reduction in the temperature decrease ∆θ, which is highlighted by the negative
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values of the coefficients associated with the factors concerned in Equation (2). One cannot
obtain qualitative information based on the value of factor m, as this factor is used only to
differentiate the results obtained for the two test samples materials (PLA and ABS).

Among all six factors considered and whose values can be modified, the strongest
influence is exerted by the deposited layer thickness l and by the test sample thickness h,
which corresponds, in this order, to the highest absolute values of the coefficients attached
in the first-degree polynomial empirical mathematical model (2). It was also expected that
an increase in the test sample thickness h would reduce the temperature decrease ∆θ for the
same time interval due to the larger distance traveled by the heat flow. A minimal influence
is exerted by the factor c, which considers the cooling conditions. This is emphasized by
the low value of the coefficient attached to this factor in Equation (2) and thus has virtually
no influence on the output parameter taken into account.

The diagram in Figure 10 depicts the evolution of the temperature decrease ∆θ as a
function of time t for the two materials, according to the empirical mathematical model
constituted by Equation (2). As expected, the increase in time t results in an increase in
temperature decrease ∆θ, but values recorded for the ABS material are lower than those
in the case of the PLA material, which shows a lower thermal conductivity of the latter
material.

5. Conclusions

The thermal conductivity of materials for parts made by 3D printing is important
when used for the thermal insulation of some spaces affected by temperature variations.
The research highlighted the transmission of temperature through various 3D-printed
plates of polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS), respectively. On
one surface of the test sample, a flexible-wall package with a gel coolant at −15 ◦C was
placed. The influence of the thickness of the test samples and the values of some input
factors in the 3D printing process on the decrease of the temperature on the opposite surface
were taken into account. Equipment to ensure conditions for fixing the test sample inside
a box of insulating material, placing a flexible-wall package, and temperature measuring
possibilities was designed and fabricated. Following the recommendations for a Taguchi
type L8 factorial experiment, experimental tests were performed with 27−4 = 8 experimental
tests. The experiments involved using seven input factors at two levels of variation. By
mathematical processing of the experimental results, using specialized software based on
the least-squares method, an empirical mathematical model of the first-degree polynomial
type was identified. The values of the coefficients attached to each of the input factors in this
first-degree polynomial provide information on the variation direction, and the magnitude
of the temperature decrease when the values of the input factors change within certain
limits. The analysis of the empirical mathematical model and graphic representations
highlighted that the ABS material ensures better thermal insulation conditions than the
PLA material. Among the input factors in the 3D printing process, the strongest influence
is exerted by the deposited layer thickness, test sample thickness, and printing speed. The
cooling conditions during the 3D printing process have a lesser influence on the decrease
in temperature over time.

In the future, it is intended to expand the theoretical and experimental research on
thermal conductivity and other materials used in parts manufacturing by 3D printing.
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Abstract: The thermal properties of parts obtained by 3D printing from polymeric materials may be
interesting in certain practical situations. One of these thermal properties is the ability of a material
to expand as the temperature rises or shrink when the temperature drops. A test experiment device
was designed based on the thermal expansion or negative thermal expansion of spiral test samples,
made by 3D printing of polymeric materials to investigate the behavior of some polymeric materials
in terms of thermal expansion or contraction. A spiral test sample was placed on an aluminum
alloy plate in a spiral groove. A finite element modeling highlighted the possibility that areas of
the plate and the spiral test sample have different temperatures, which means thermal expansions
or contractions have different values in the spiral areas. A global experimental evaluation of four
spiral test samples was made by 3D printing four distinct polymeric materials: styrene-butadiene
acrylonitrile, polyethylene terephthalate, thermoplastic polyurethane, and polylactic acid, has been
proposed. The mathematical processing of the experimental results using specialized software led
to establishing empirical mathematical models valid for heating the test samples from −9 ◦C to
13 ◦C and cooling the test samples in temperature ranges between 70 ◦C and 30 ◦C, respectively. It
was found that the negative thermal expansion has the highest values in the case of polyethylene
terephthalate and the lowest in the case of thermoplastic polyurethane.

Keywords: thermal expansion; experimental device; acrylonitrile butadiene styrene; polyethylene
terephthalate; thermoplastic polyurethane; polylactic acid; experimental measurements; empirical
mathematical models

1. Introduction

Thermal expansion of solid materials is a property that considers the increase in size
that characterizes the solid body as its temperature rises. The inverse property of thermal
expansion is thermal contraction or negative thermal expansion.

Thermal expansion of a part is important in situations where this expansion could
affect the integrity or behavior of the assembly of which the part is a component. Because
the forces that occur during thermal expansion can be relatively large, they can cause
deformation or even breakage of other parts or even the part affected by the expansion.

Thermal expansion is evaluated by considering the ratio between the increase in
size under the action of increasing the temperature and the initial value of the dimension
affected by heating. This ratio is the coefficient of thermal expansion and is usually used in
the case of linear dimensions or volumes of parts affected by thermal expansion.

Significant differences exist between the expansion of metallic materials, plastics, or
ceramics. It is appreciated that, in general, the thermal expansion of ceramic materials is less
than the thermal expansion of metallic materials, as polymeric plastics have an expansion
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of about 10 times greater than those of metallic materials. Devices called dilatometers are
used to evaluate linear thermal expansion.

With the increasing use of parts made of polymers by 3D printing, it has become impor-
tant to know the thermal properties of polymers. These properties include thermal expansion.

Seven additive manufacturing technologies are currently considered: vat photopoly-
merization, material extrusion, material jetting, binder jetting, powder bed fusion, direct
energy deposition, and sheet lamination [1]. The process used in this paper was material
extrusion. This process involves a wire advanced and extruded through a heated nozzle
and deposited in successive layers as a result of precisely controlled movements between
the nozzle and the table of the 3D printer until the final part is obtained. Many input factors
influence how successive layering occurs in the 3D printing process. These factors include
the nozzle hole diameter, the relative movement speed between the nozzle and the printer
table, the proposed level for the density of the workpiece material, the nozzle and printer
table temperatures, and the cooling level during the 3D printing process, etc.). Due to the
values of the input factors, the material of the part manufactured by 3D printing may have
different degrees of densification and filling of the space inside the part, which will affect
some thermal properties of the part material. Among these properties, there is thermal
capacity expansion.

The need to consider thermal expansion as a property of the materials from which 3D
printing processes made parts was highlighted by researchers [2–5]. Effective experimental
attempts to study thermal expansion specific to polymeric materials used in manufactur-
ing parts by 3D printing were performed by Wang [3] and Miller [6]. The importance of
thermal expansion in the use of thermoactivated morphing materials has been highlighted
by Nam [7]. The analysis of some thermal properties of the filaments used for 3D print-
ing of parts of polymeric materials was developed by Trhlikova et al. [8] and Savu [9].
Zhang referred to the thermal expansion of power electronic components when he studied
applications of additive manufacturing in this field [10].

The generation of 3D printed parts’ deviations due to thermal and negative ther-
mal expansion was analyzed by researchers interested in a better knowledge of additive
manufacturing processes, namely those of 3D printing [3,5,8,9].

Wang et al. [11] studied some characteristics of isotactic polypropylene. They found
that the high crystallization rate of isotactic polypropylene can cause significant difficulties
in the case of additive manufacturing processes. When studying the behavior of a composite
material based on isotactic polypropylene, it was observed that the value of the coefficient of
thermal expansion of isotactic polypropylene is about 10% higher than that of a composite
material containing spray-dried cellulose nanofibrils.

Blanco considered thermal expansion when reviewing the applications of thermal
analysis methods that can be used to manufacture parts by 3D printing processes [12]. He
highlighted the availability of thermogravimetric analysis, differential scanning calorimetry,
and dynamic mechanical analysis to assess the thermal expansion capacity of materials
used to manufacture filaments when applying 3D printing processes.

In an overview of the additive manufacturing of polymer and polymer composite parts,
Nat and Nilufar appreciated that the negative thermal expansion of parts after applying an
additive manufacturing process induces residual stresses that can affect the behavior of
parts during mechanical stresses [13]. They found a library created by Huang et al. [14] in
connection with the possibilities of designing the parts so that the dimensions of the 3D
printed part are affected as little as possible after the thermal shrinkage.

Zohdi et al. investigated the anisotropy of some thermal properties, as it is, among
others, thermal expansion [15].

Hwang et al. have shown that a reduction in the value of the coefficient of thermal
expansion is possible when copper particles are introduced into the ABS specimens [16].
For example, for a content of 50 wt.% of copper, the coefficient of thermal expansion
decreases by about 29.5% compared to the value of the same coefficient valid for pure ABS,
which means a decrease in the coefficient of thermal expansion from 108.2 ppm/◦C to
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76.2 ppm/◦C. This way, the test samples’ significant deformation during thermal shrinkage
is avoided.

The anisotropic character of the thermal expansion was highlighted by Baker et al. [17].
They compared the values of the coefficient of thermal expansion for test pieces printed
along with longitudinal and transverse directions.

A relatively simple device has been proposed to allow direct observation of the spiral
polymeric test samples during thermal or negative thermal expansion. This paper presents
the research results to highlight the thermal expansion of spiral test parts made by the 3D
printing of four different polymeric materials (styrene-butadiene acrylonitrile, polyethylene
terephthalate, thermoplastic polyurethane, and polylactic acid). The experimental results
were mathematically processed, and empirical mathematical models corresponding to the
thermal contraction of the test samples were determined.

2. Materials and Methods
2.1. Initial Considerations

In principle, it is considered that thermal expansion can be explained by the asymme-
try of the potential energy, which determines an increase in the mean distance between
atoms when the atoms vibrate along the line of interaction between them. However, non-
vibrational contributions to the development of the thermal expansion process have also
been highlighted [18].

When increasing the body temperature from a value θ1 to a value θ2, the magnitude
∆L of the thermal expansion of the body of length L0 is determined by using the relation:

∆L = αL0(θ1 − θ2), (1)

or:
∆L = αL0∆θ, (2)

where α is the coefficient of linear thermal expansion, and ∆θ is the temperature variation.
Consistent with the above equation, the values of the coefficient of linear thermal

expansion α correspond to the following relation:

α =
∆L

L0∆θ
. (3)

It is still possible to investigate the thermal expansion of the volume of a body. In this
case, the volume thermal expansion coefficient β is valid:

β =
∆V

V0∆θ
. (4)

where V0 is the initial volume of the body, and ∆V—the increase in body volume.
In most cases, the value of the linear expansion coefficient is important.
Devices called dilatometers, or dilatation analyzers, are used to determine the ther-

mal expansion coefficients’ values experimentally. Pushrod dilatometers using optical
interferometry or X-ray diffraction, optical dilatometers, capacitance dilatometers, etc., are
known. A mention shall be made about horizontal and vertical dilatometers, respectively,
concerning the position of a rod made of a material whose coefficient of thermal expansion
is determined. In principle, when the temperature of a rod in the investigated material
increases, the displacement of the edge of one end of the rod is determined using suitable
optical means.

The expansion of the use of polymeric materials has led to the need to know some
characteristics of the behavior of parts made of such materials to temperature variation.
Manufacturers of polymeric materials generally provide brief information on the expansion
properties of these materials. In industrial practice, there is sometimes the problem of
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more detailed knowledge of the thermal expansion of a body of polymeric materials at
different temperatures.

On the other hand, the last decades have highlighted the possibilities of obtaining
polymer parts of various shapes and sizes.

Under the conditions mentioned above and to design and materialize an easily acces-
sible dilatometer, the idea of increasing the length of the bar in the material whose thermal
expansion is of interest was formulated using a polymer test sample in the shape of an
Archimedean spiral. It was accepted that, among the different categories of spirals, the
Archimedean spiral ensures a maximum length of the test sample within a flat surface of
predetermined dimensions.

Using a spiral-shaped test sample located in a spiral-shaped groove and allowing the
spiral to elongate only in the direction of the outer end of the spiral test sample, the length
of the test sample whose thermal expansion is to be measured could be increased (Figure 1).
In this way, it would be possible to increase the accuracy of assessing the value of the linear
thermal expansion coefficient due to considering the longer length of the test sample.

Figure 1. Schematic representation of the device for measuring the thermal expansion of a polymer
spiral test sample in the variant involving a dial gauge.

2.2. Experimental Conditions

Under the theoretical conditions mentioned above, a device has been designed to
measure the thermal expansion of a spiral-shaped polymer test sample (Figure 1).

A groove in the shape of an Archimedean spiral was machined by milling on a
numerically controlled machine tool [19]. An essential part of the device was an aluminum
alloy plate. The outer end of the spiral groove is provided with a rectilinear segment.
Inside the groove with a cross-section of 1.8 × 2.3 mm2, a polymeric test sample can be
placed, having a shape corresponding to that of the groove in the aluminum alloy plate,
providing a lateral gap of about 0.03 mm. A transparent material cover can be placed
over the aluminum alloy plate and fixed to the plate with screws to avoid the external
deformation of the test sample during thermal expansion.

The aluminum alloy from which the plate was made was of the EN-AW-2017 type
AlCu4MgSi(A) alloy and contained 0.2–0.8% Si, 0.70% Fe, 3.5–4.5% Cu, 0.4–1.0% Mn,
0.4–1.0% Mg, 0.10% Cr, 0.25% Zn, 0.25% Ti, 0.05% other chemical elements and the
rest—aluminum. As values of the main thermal properties of the aluminum alloy, it
can mention solidification temperature 510 ◦C, melting temperature 645 ◦C, heat trans-
fer capacity 873 J·kg−1·K−1, thermal expansion coefficient 22.9 µm·m−1·K−1, thermal
conductivity 134 W·m−1·K−1.
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The free end movement from outside the spiral test sample in the rectilinear segment
could be highlighted using a dial gauge (Figure 1). However, it was appreciated that a
higher accuracy would be obtained using an optical microscope. The microscope objective
was fixed near the outer end of the linear segment of the test sample (Figure 2).

Figure 2. Image of the device for measuring the thermal or negative thermal expansion of the spiral
test sample made of polymeric material Flexifill 98A, in the variant involving an optical microscope.

Regarding the proper way of measuring the variation of the length of the test sample,
the cooling of the test sample in a freezer was first considered. The aluminum alloy
plate, together with the test sample, could be removed from the freezer and placed in the
working area of the optical microscope so that minute-by-minute measurements of the
thermal expansion of the test sample could be performed. Therefore, the temperature of the
aluminum alloy plate and the polymeric test sample could be measured using a gun-type
infrared thermometer, which measures the infrared radiation emitted by a given surface. A
non-contact infrared thermometer (manufactured by HOPPLINE—Hungary) was used for
this purpose, with a measuring range between −50 ◦C and +400 ◦C (measuring distance of
5–15 cm, measuring accuracy of ±1.5 ◦C).

The approximate distance from which the temperature was measured using the in-
frared thermometer was about 15 cm. Since the process of heat exchange between the
aluminum alloy plate together with the spiral test piece and the external environment does
not develop with the same intensity in all directions, the aluminum alloy plate temperature
has different values at different points of the aluminum plate and, therefore, the average
values of three measurements were considered.

The temperature evaluation of the aluminum plate was performed at 1-min intervals,
determined by using a digital clock with a stopwatch (approximate time measurement
accuracy of ±5 s). In the calculations, the average values of the measured temperatures
were taken into account. As observed by using the finite element method and by measuring
the temperature in different areas of the aluminum alloy plate, there are temperature
differences, even when heated on the table of the 3D printer.

The following materials were considered as materials for the spiral test samples:

(1) Black ABS (styrene-butadiene acrylonitrile). This material is used, for example, for
the manufacture of general-purpose goods, such as toys, carcass parts, furniture,
refrigerator interiors, helmets, etc.;
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(2) Red PET G (polyethylene terephthalate type G). Such material is used mainly in the
textile industry, but also as a bottling or packaging material due to the lack of reaction
with water or food;

(3) Red color thermoplastic polyurethane (trade name: Flexfill 98A). This material has
a hardness equal to that of rubber (98A). It is used especially in the manufacture of
solid wheels for scooters and skateboards or in the manufacture of protective cases
of smartphones;

(4) Polylactic acid (type T PLA) silver color. This material is well adapted to the require-
ments of 3D printing processes. Its use in 3D printing does not require a heated
substrate or a high melting temperature and increases the printing speed. It also
ensures low manufacturing costs. A disadvantage is the increased sensitivity to the ac-
tion of ultraviolet radiation. Parts with fine details can be easily made from polylactic
acid. This material can be used to manufacture toys, jewelry, statues, etc.

The coefficient values of thermal expansion of these materials indicated in some
specialized works can be observed in the second column of Table 1.

Table 1. Values of thermal expansion coefficients for materials used in experimental research.

Polymeric Material Values of the Coefficient of Thermal Expansion
Indicated in Specialized Documents, in m/(m·K) [20,21]

ABS (black) 72 · 10−6

PET G (violet) 7 · 10−5

Flexfill 98A (red) 145 · 10−6 (approximate value, determined by comparison
with those of similar materials)

PLA (silver) 41 · 10−6

The thermal expansion of the polymer test sample from a temperature of about
−9 ◦C (when it was removed from the freezer) to a temperature close to that of the
environment in the laboratory, 13 ◦C) was thus measured using an optical microscope
TM-1005B (manufactured by the Japanese company Mitutoyo.

2.3. Evaluation of the Length of an Archimedean Spiral Test Sample

There are different ways to determine the length of an Archimedes spiral segment [22].
The length of the test sample in the form of an Archimedean spiral was calculated using
the “Measure” function in the SolidWorks software. The lengths of the two side surfaces
of the profile (with a rectangular cross-section, measuring 1.8 × 2.3 mm2) were measured.
The arithmetic mean of the lengths of the two side surfaces was calculated, resulting in an
average fiber length of 3337.63 mm.

A problem with the device is that during the thermal expansion or contraction of the
polymer spiral test sample, not only the spiral test sample expands or contracts but also the
aluminum alloy plate in which the spiral groove the test sample is placed.

It is generally considered that the value of the coefficient of thermal expansion in the
case of a metallic material is about ten times lower than that of a polymeric material. Specif-
ically, in the case of aluminum alloy, the value indicated of the coefficient of thermal expan-
sion is αAl = 22.9 m/(m·K), while, for example, in the case of the PLA polymer is indicated
αPLA = 41 · 10−6 m/m·K, and in the case of the ABS polymer, αABS = 72 · 10−6 m/(m·K).

Suppose it takes into account that the size of the side of the square-shaped area of the
aluminum alloy plate in which the spiral groove is located is about 128 mm, and assuming
a temperature difference of 40 ◦C, this means a linear variation of the size of the aluminum
alloy plate side:

∆LAl = αAl L0 Al∆θ = 22.9·128·40 = 117.2 µm. (5)

Taking into account a length L ≈ 3337.63 mm of the spiral test sample in PLA and,
respectively, in ABS and considering the values indicated for the coefficients of thermal
expansion [20,21], it would be possible to increase the length of the spiral test sample
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∆LPLA = 5.47 mm and ∆LABS = 9.61 mm. It is found that the share w of the influence of
the linear expansion of the aluminum alloy plate on the thermal expansion of the spiral
test sample is very low (w = 0.1172 · 100/5.47 = 2.14% in the case of the spiral test sample
made of PLA and w = 0.1172 · 100/9.61 = 1.21% in the case of the ABS spiral test sample,
respectively. This situation allows us to neglect the influence exerted by the linear thermal
expansion of the aluminum alloy plate on the thermal expansion of the spiral test sample
of polymeric material.

2.4. Simulation by the Finite Element Method of the Thermal Expansion of the Test Piece

The investigated process was modeled using the finite element method (FEM) and the
ANSYS 3D software to evaluate the thermal expansion capacity of the spiral test samples
of polymeric materials used in manufacturing parts by 3D printing. For the purpose
mentioned above, the situation of a spiral test sample located in the spiral-shaped groove
in the aluminum alloy plate was considered.

One of the results of finite element modeling is shown in Figure 3. The experimental
tests will manage an uneven cooling or heating of the aluminum alloy plate. Due to heating
or cooling at uneven speeds of different areas of the aluminum alloy plate where the
polymer spiral test sample is located, there will be a distributed variation in temperature
along with the spiral test sample. The value of the thermal expansion coefficient is variable
with the temperature of the polymer spiral test sample. This means that the results will lead
to an overall value of the evolution of the magnitude of the thermal expansion coefficient
or negative thermal expansion coefficient.

It was developed a steady-state thermal FEM analysis considering the convection phe-
nomena. Approximate convection coefficient values for aluminum alloys were confronted
with those presented by Geng et al. [23]. It has conducted the analyses on ABS simulating
the heat transfer for the cool environment, which starts from around −10 ◦ C and records
about 13 ◦C on the top side of the cover plate (Table 2). The results are consistent with those
measured by experimental means (Figure 3a). The FEM.-based purpose was to analyze fur-
ther heat transfer on the spiral test sample by transferring steady-state thermal results into
the static structural analysis. Results were plotted in the form of thermal strain, equivalent
stress von Mises, equivalent elastic strain, and directional deformation in the direction of
the heat flow. Thus, it may further visually assess the influence of heat transfer on various
polymers. For example, it was clear that uneven cooling leads to a random distribution in
the case of equivalent elastic strain (Figure 3b). The spiral undergoes multiple stages of
deformation before it shrinks or expands in the designated groove. Static structural results
highlight changes that occur to the original body. Directional deformation on the Y-axis
gives approximate values to those obtained by experimental means.

Table 2. Experimental results regarding the thermal expansion of some polymeric materials.

Time, min

ABS Black PET G Violet FLEXIFILL 98A Red PLA Silver

Temperature,
◦C

Thermal
Expansion,

mm
Temperature,

◦C

Thermal
Expansion,

mm

Temperature,
◦C

Thermal
Expansion,

mm

Temperature,
◦C

Thermal
Expansion,

mm

0 −8.8 0 −11.5 0 −8.3 0 −9.2 0
1 −2.6 −0.009 −2.5 −0.015 −5.7 −0.008 −6.3 −0.006235
2 −2.3 −0.015 −2.3 −0.022 −3.9 −0.01 −3.7 −0.009896
3 −0.6 −0.022 −1.3 −0.027 −3.4 −0.015 −2.5 −0.012831
4 −0.6 −0.029 −0.5 −0.03 −1.2 −0.019 −1.1 −0.0147
5 1.3 −0.036 0 −0.035 −0 −0.021 −0.1 −0.017148
6 2.2 −0.044 1.7 −0.041 −0.1 −0.026 −0.9 −0.021195
7 2.4 −0.048 2.7 −0.051 1.8 −0.028 1.7 −0.027816
8 4 −0.055 3.4 −0.066 3 −0.031 3.2 −0.037932
9 5 −0.061 4.7 −0.071 3.9 −0.034 4.3 −0.042731
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Table 2. Cont.

Time, min

ABS Black PET G Violet FLEXIFILL 98A Red PLA Silver

Temperature,
◦C

Thermal
Expansion,

mm
Temperature,

◦C

Thermal
Expansion,

mm

Temperature,
◦C

Thermal
Expansion,

mm

Temperature,
◦C

Thermal
Expansion,

mm

10 6 −0.062 5.2 −0.079 4.1 −0.037 4.8 −0.046699
11 6.5 −0.065 5.5 −0.085 4.6 −0.04 5.5 −0.053651
12 6.8 −0.066 6.5 −0.09 5.7 −0.043 6.3 −0.056203
13 7.4 −0.067 7.2 −0.094 6.5 −0.048 7.4 −0.060043
14 8.2 −0.067 7.5 −0.098 6.8 −0.051 7.9 −0.06196
15 8.3 −0.068 7.9 −0.103 7.2 −0.053 8.2 −0.067081
16 9.1 −0.069 8.3 −0.106 7.9 −0.056 8.7 −0.069362
17 9.3 −0.071 8.8 −0.111 8.5 −0.058 9.2 −0.073242
18 9.8 −0.073 9.5 −0.114 9.2 −0.059 9.7 −0.075759
19 10.1 −0.076 10 −0.117 9.9 −0.061 10.2 −0.078333
20 10.6 −0.077 10.2 −0.119 10.4 −0.063 10.6 −0.079781
21 10.9 −0.078 10.5 −0.121 10.8 −0.066 10.9 −0.08126
22 11 −0.079 10.8 −0.124 11.1 −0.068 11.2 −0.085492
23 11.5 −0.081 11 −0.126 11.4 −0.071 11.5 −0.086936
24 11.9 −0.083 11.3 −0.13 11.6 −0.073 11.8 −0.090123
25 12 −0.085 11.9 −0.131 12.1 −0.075 12.1 −0.090997
26 12.1 −0.086 12 −0.132 12.3 −0.076 12.3 −0.091983
27 12.3 −0.088 12.2 −0.133 12.5 −0.077 12.4 −0.093028
28 12.4 −0.089 12.4 −0.135 12.6 −0.078 12.6 −0.094724
29 12.5 −0.091 12.5 −0.137 12.7 −0.08 12.7 −0.096244
30 12.7 −0.091 12.6 −0.138 12.9 −0.081 12.9 −0.094936
31 12.8 −0.092 12.9 −0.141 13.1 −0.081 13.2 −0.09782
32 12.9 −0.092 13.1 −0.143 13.2 −0.081 13.3 −0.09745
33 13.1 −0.092 13.2 −0.143 13.2 −0.081 13.4 −0.098847

The initial conditions for steady-state thermal analysis include an initial ambient
temperature of 22 ◦C and a temperature of −13.1 ◦C applied in increments on the lower
surface of the plate, respectively. A process of free air convection of up to 2.5 W/mm2 ◦C
applied to the upper surface of the plate was considered. The boundary conditions took
into account both the contacts and the joints. The contacts are of three types, two of which
include the frictionless thermal expansion of the 3D printed spiral and one that takes into
account the friction between the spiral test sample and the groove walls. The joints refer to
the spiral’s contact with the groove’s flat surface. Such conditions make it easier for the
software to consider the material must flow only along the spiral groove.

The thermal imaging camera HT-18 (produced by Hti Instrument) was used to check
the uneven heating of the aluminum plate on the table of the 3D printer. As it can be seen
from Figure 3c, the image obtained by using the thermal imaging camera shows a real
unevenness in the heating of the aluminum plate under the action of the table of the 3D
printer. This uneven heating of the aluminum plate results in an uneven distribution of the
spiral test sample temperature.
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Figure 3. Uneven cooling/heating of the spiral test sample due to different heat transfer rates in
distinct areas of the aluminum alloy plate: (a) temperature distribution in the steady-state thermal
scenario; (b) equivalent elastic strain distribution in the static-structural scenario; (c) image obtained
using the thermal imaging camera.

3. Results

The results obtained in the experimental tests regarding the thermal expansion of the
test samples made of the four materials are presented in Table 2. A graphical representation
of the ∆L increase in the lengths of the test samples made of polymeric materials when
the temperature increases from approximately −9 ◦C to +13 ◦C and corresponding to the
experimental results in Table 2 can be observed in Figure 4.



Polymers 2022, 14, 3061 10 of 17

Figure 4. The evolution of thermal expansion over time, with small differences between the
initial temperatures.

Later, the idea of measuring the linear negative thermal expansion of the test samples
appeared. The heating of the aluminum alloy plate on the table of a 3D printer was
considered (Figure 5). In such a case, the temperature of the upper area of the table can be
programmed, this being an input factor in the 3D printing process. Thus, measurements
of the negative thermal expansion were performed when the test sample cooled, from
a temperature of 70 ◦C to the ambient temperature in the laboratory (30 ◦C), during the
measurements. The measurement results of the test samples shrinkage are included in
Table 3. By considering the results in Table 3, a graphical representation of the evolution of
negative thermal expansion over time was made (Figure 6).

Figure 5. Image of a device for measuring the expansion or thermal shrinkage of a polymer spiral test
sample together with the aluminum alloy plate placed on the printer’s table to reach the temperature
at which the spiral test sample begins to cool and contract.
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Table 3. Experimental results regarding the negative thermal expansion of some polymeric materials.

Time, min

ABS Black PET G Violet FLEXIFILL 98A Red PLA Silver

Temperature,
◦C

Negative
Thermal

Expansion,
mm

Temperature,
◦C

Negative
Thermal

Expansion,
mm

Temperature,
◦C

Negative
Thermal

Expansion,
mm

Temperature,
◦C

Negative
Thermal

Expansion,
mm

0 69.7 0 70 0 71.8 0 71 0
1 64.9 −0.08 62 −0.32 66.7 −0.01 61 −0.132
2 61.5 −0.118 60 −0.514 63.8 −0.022 57.7 −0.24
3 58.8 −0.147 57.2 −0.685 59 −0.028 56.2 −0.332
4 56.8 −0.174 55.6 −0.86 55.8 −0.032 53 −0.432
5 54.7 −0.197 54.2 −1.015 54.9 −0.035 51.6 −0.527
6 52.6 −0.216 52 −1.164 52 −0.039 49.5 −0.617
7 51.3 −0.235 50.2 −1.273 51.4 −0.044 48 −0.71
8 50.2 −0.254 48.8 −1.382 50.3 −0.05 46.5 −0.797
9 47.9 −0.27 47.1 −1.481 48.5 −0.054 45.2 −0.88

10 47 −0.285 45.4 −1.556 45.7 −0.057 43.9 −0.964
11 45.3 −0.297 44.5 −1.652 44.5 −0.064 42.7 −1.03
12 44.4 −0.308 43.4 −1.729 42.5 −0.073 41.6 −1.091
13 43.8 −0.321 42.2 −1.798 41.8 −0.081 40.4 −1.149
14 42.2 −0.335 41 −1.844 40.7 −0.088 39.7 −1.197
15 41.6 −0.343 40.4 −1.92 39.1 −0.097 38.6 −1.238
16 40.7 −0.354 39.3 −1.956 38.6 −0.11 37.6 −1.296
17 39.7 −0.364 38.6 −2.013 38.2 −0.13 37.1 −1.336
18 38.6 −0.372 37.8 −2.053 37.7 −0.14 36.3 −1.376
19 38 −0.381 37 −2.088 36.9 −0.16 35.7 −1.412
20 37 −0.391 36.3 −2.128 36.2 −0.19 35.1 −1.44
21 36.7 −0.396 35.6 −2.166 35.4 −0.2 34.9 −1.462
22 35.8 −0.408 34.9 −2.209 35.1 −0.21 34.5 −1.501
23 35.1 −0.412 34.3 −2.242 34.5 −0.22 33.5 −1.553
24 34.8 −0.42 33.7 −2.267 33.9 −0.23 32.8 −1.582
25 33.8 −0.426 33.1 −2.293 33.3 −0.23 32 −1.592
26 33.6 −0.434 32.8 −2.323 32.8 −0.24 31.3 −1.614
27 33.2 −0.441 32.5 −2.357 32.4 −0.24 30.1 −1.642
28 32.7 −0.448 32 −2.378 31.9 −0.25 29.2 −1.663
29 32.2 −0.454 31.6 −2.398 31.5 −0.26 28.7 −1.679
30 32 −0.461 30.8 −2.424 30.9 −0.27 28.5 −1.698
31 31.5 −0.463 30.2 −2.432 30.4 −0.28 28.4 −1.702
32 31.1 −0.464 29.5 −2.438 29.8 −0.28 28.2 −1.711
33 30.4 −0.465 28.8 −2.441 29.3 −0.29 27.9 −1.712

The results of measurements on the thermal expansion of the previously polymer
spiral test sample in the freezer can be seen in Table 2. In contrast, the results of the thermal
shrinkage of the polymer spiral test sample previously heated on the table of a 3D printer
were included in Table 3.

The values indicated in Table 4 were determined by comparing the maximum values
of thermal expansion and negative thermal expansion, respectively, at the temperature
variation intervals in the case of experimental research.

For the experimental results in Table 4, which show more pronounced differences
in terms of negative thermal expansion for the four materials used in the experimental
research, mathematical processing was used by means of specialized software [24], to
determine empirical mathematical models able to highlight the influence of temperature
on linear negative thermal expansion.
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Figure 6. The evolution in time of negative thermal expansion of some spiral specimens made of
polymeric materials, there being small differences between the initial temperatures.

Table 4. Calculated values of the thermal and negative thermal expansion coefficients, considering
the experimental results presented in Tables 2 and 3.

Material

On Heating On Cooling

The Maximum
Value of the

Thermal
Expansion, ∆L,

mm

Temperature
Variation, ∆θ, K

Value of the
Coefficient of

Thermal
Expansion α

The Maximum
Value of Negative

Thermal
Expansion,

∆L, mm

Temperature
Variation, ∆θ, K

Value of the
Coefficient of

Thermal
Negative

Expansion α

Column
no. 1 2 3 4 5 6 7

ABS
(black) 0.092 8.8 + 13.1 = 21.9 1.25 · 10−6 0.465 69.7 − 30.4 = 39.3 3.54 · 10−6

PET G
violet 0.143 11.5 + 13.2 = 24.7 1.73 · 10−6 2.441 70 − 28.8 = 41.2 17.7510−6

Flexifill
98A

violet
0.081 8.3 + 19.2 = 21.5 1.12 · 10−6 0.290 71.8 − 29.3 = 42.5 2.04 · 10−6

PLA
silver 0.098 9.2 + 13.4 =22.6 1.31 · 10−6 1.712 71 − 27.9 = 43.1 11.90 · 10−6

The specialized software was generated by taking into account the least squares
method. It provides conditions for selecting the most appropriate empirical mathematical
model from five such models: the first-degree polynomial, the second-degree polynomial,
the power function, the exponential function, and the hyperbolic function. For the selection,
the value of the so-called Gauss criterion was used. This value (the Gauss’s criterion value)
is defined using the sum of the squares of the differences between the ordinate’s values
determined by the empirical mathematical model considered and the values determined
experimentally. The lower the value of the Gauss criterion, the more appropriate the
mathematical model is to the experimental results used.

The most appropriate empirical mathematical models determined using specialized
software, and the models determined were included in the second column of Table 5.
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Table 5. Empirical mathematical models designed to highlight the negative thermal expansion to the
temperature decrease, considering the experimental results.

Polymer
The Most Appropriate Empirical Mathematical Model for

the Experimental Results and the SG Value of
Gauss’s Criterion

Empirical Mathematical Model of the
Power Function Type and the SG Value

of Gauss’s Criterion

Black ABS
Second-degree polynomial

∆L = −0.739 + 0.00757θ + 0.0000457θ2

SG = 1.078667 · 10−4

∆L = 3074565θ−3.76

SG = 1.840823 · 10−2

Violet PET G Second degree polynomial ∆L = 3.805−0.0356θ−0.000298θ2

SG = 2.356737 · 10−3
∆L = 1672831θ−3.789

SG = 0.7223308

Red FLEXIFILL 98A Exponential function ∆L = 6.281 · 0.904θ

SG = 2.715475 · 10−4
∆L = 11457241θ−4.468

SG = 1.078153 · 10−3

Silver PLA
Second-degree polynomial

∆L = 3.658−0.0753θ + 0.000305θ2

SG = 3.64125 · 10−3

∆L = 2463873θ−4.062

SG = 0.4127897

4. Discussion

In many situations in manufacturing engineering, empirical mathematical models of
the power function type have been determined and used. Such empirical mathematical
models are sometimes used to determine the influence of various factors on the cutting
speed, the size of the components of the cutting forces, the size of a roughness parameter
of the machined surface, etc. [25–27]. An advantage of using empirical mathematical
models of power function type derives from the possibility of evaluating the intensity of
the influence exerted by a certain factor by analyzing the value of the exponent attached to
that factor in the function of power type to the values of exponents attached to other factors.
However, empirical mathematical models of the power function type are particularly
appropriate when dealing with monotonous evolutions of the output parameter as the
value of the input factor increases or decreases in the investigated process. Such a situation,
i.e., the lack of minimums or maximums, was confirmed, for example, by the graphical
representation in Figure 5, where there is a continuous increase in thermal expansion when
the temperature increases by heating the spiral test samples. For this reason, power function
empirical mathematical models for the four polymeric materials were also determined, and
those models can be seen in the second column of Table 5.

By considering the values of temperatures and thermal expansions or negative thermal
expansions in Tables 2 and 3, it was possible to determine the values of the coefficients
of thermal expansion corresponding to each of the four materials used to make the spiral
test samples. Some aspects of calculating the coefficients of thermal expansion coefficients
starting from the experimental values and Equation (3) are presented in Table 5.

The graphical representations in Figures 4 and 6 have been elaborated considering
the experimental results in Tables 2 and 3. In the case of the graphical representation in
Figure 3, there is a certain reversal of the thermal expansion values in the cases of ABS and
PLA polymeric materials for the period from the beginning of heating. Subsequently, with
the development of the expansion process, it is found that the thermal expansion of PLA
exceeds that of ABS.

A clearer highlight of the differences between the negative thermal expansion of
the spiral test samples in the two materials is provided by the content of the graphical
representation in Figure 7, which confirms the order defined by the results recorded for
longer time intervals than those in the case of the diagram in Figure 4.
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Figure 7. Evolution of negative thermal expansion to the initial temperature, according to the most ap-
propriate empirical mathematical models to the experimental results, for the four polymeric materials.

The most appropriate empirical mathematical models for the experimental results were
used to draw the graphical representation in Figure 7. The descending order of the intensity
of the influence exerted by the cooling process on the negative thermal expansion can be
noticed in this diagram, where polymeric materials are arranged, from this point of view,
in the order: polyethylene terephthalate (PET)—polylactic acid (PLA)—styrene-butadiene
acrylonitrile (ABS)—thermoplastic polyurethane (Flexfill).

As seen from Table 3, at the beginning of the experiment, heating the aluminum alloy
plate and the test samples on the table of the 3D printer, was made on a temperature
of 70 ◦C.

To reduce the friction between the spiral test samples and the spiral groove walls, a thin
layer of mineral oil-based lubricant was applied to the support plate before the insertion of
the test samples, both when applying the thermal expansion or negative thermal expansion.

In a cross-section, the profile of the spiral test samples made of the four materials
has the shape of a rectangle with sides of 1.8 mm and 2.3 mm. The test sample width
was 1.8 mm (value measured at a temperature of 22 ◦C). After the insertion of the spiral
test sample in the groove with the shape of an Archimedean spiral, the lateral clearance
between the test sample and the groove was about 0.03 mm, at a temperature of 22 ◦C.

Comparing the maximum values of thermal and negative thermal expansion, respec-
tively, at the temperature variation intervals in the case of experimental research, we reach
the values indicated in Table 4.

Comparing the results obtained experimentally with the values indicated in other
works shows that the determined coefficients of thermal expansion were lower (Figure 8).

Possible explanations for this could be the following:

- There are, of course, differences between the properties of a part made by 3D printing
and the properties of the bulk material. Due to the characteristics of the 3D printing
manufacturing process, the material density of the 3D printing test sample may be
much lower than in the case of bulk material. This could be the main cause of the
relatively large differences between the values of the coefficients of linear thermal
expansion indicated by the materials manufacturers or identified in specialized docu-
ments and the values determined experimentally using the proposed equipment. It
should be noted that the values of the coefficients of thermal expansion determined
experimentally were lower than those of the coefficients of linear expansion indicated
by the manufacturers of the materials or identified in specialized documents in the
case of all four materials;

- The thermal expansion way of the spiral sample is different from that of a strictly
linear test sample;
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- The relatively small gap between the spiral test sample and the spiral groove in the
aluminum alloy plate could lead to frictional forces along the relatively long length of
the spiral test sample, and these forces diminish the free expansion of the test sample;

- The existence of roughness resulting from the spiral groove as a result of the spiral groove
generation by milling could also contribute to a braking of the free thermal expansion;

- A possible gap at the end of the test sample inside the spiral groove could also reduce
the thermal expansion or the negative thermal expansion measured at the end of the
segment in the form of a straight line of the spiral test sample.

Figure 8. Highlighting the differences between the values of the coefficients of linear thermal
expansion indicated by the material manufacturers or identified in specialized documents [20,21]
and the values obtained in case of thermal expansion of the spiral test sample.

A certain adjustment of the density of the material of the test sample made by 3D
printing is possible by acting on a size that provides some information about the printing
process and is called “infill”. It must still be taken into account that the density of the test
sample material is not uniform, being higher near the outer walls and lower inside the
test sample, where there may even be gaps of different sizes. There are, moreover, other
print parameters of the printer whose values can change the density of the printed material
and therefore can affect the values of the coefficient of thermal expansion. As such, it is
expected that there will be a difference between the values of thermal expansion determined
using a dilatometer and the proposed equipment, respectively, as long as the dilatometer
indicates the value of the linear thermal expansion and the proposed equipment—the
thermal expansion along a flat spiral.

Such issues may be further examined in the future to determine their influence on the
final results on the values of the coefficients of expansion.

References to the coefficient of linear thermal expansion exist in ASTM E831, ASTM
D696, and ISO 11359. These documents describe the test procedure valid for thermome-
chanical analysis when aiming at linear expansion of the test sample. As this paper aims
to expand along a spiral and uses the equipment for such testing, only a few of the provi-
sions included in the above standards could be met, including considering the equipment
available for conducting experimental research.

Some aspects that may lead to differences between the results of determining the
coefficient of thermal expansion using the proposed equipment and a dilatometer, respec-
tively, have been briefly presented above. In the case of thermomechanical analysis and
the use of a dilatometer, the test sample must be 12.7 mm (0.5′′) wide and 75 mm (3′′) long.
The end surfaces of the test sample must be flat. Together with the support on which it
is placed, the test sample is introduced into heating equipment and a gradual increase in
temperature takes place, with a predetermined heating rate (for example, 10 ◦C/min) and
in a temperature range default (for example, from −30–+30 ◦C). This ensures conditions
for a controlled and as uniform heating as possible of the test sample. In the case of the



Polymers 2022, 14, 3061 16 of 17

proposed equipment, simple and accessible heating sources were used, but which do not
allow slow and uniform heating of the spiral test sample. Additionally, the existence of
a gap between the spiral test sample and the groove in the aluminum plate could affect
to some extent the final result, as the thermal expansion of the aluminum plate exerts a
certain influence on the value of the determined coefficient of expansion.

5. Conclusions

For different practical situations, it may be necessary to know the ability of materials
used for 3D printing of parts to expand as the temperature rises, and how they shrink
when the temperature decreases. A physical quantity used to evaluate this property
is the coefficient of thermal expansion. The possibility of determining the size of the
coefficient of thermal expansion in the case of four materials used for the manufacture of
parts by 3D printing was considered. The materials called acrylonitrile butadiene styrene,
polyethylene terephthalate, thermoplastic polyurethane, and polylactic acid were taken
into consideration. An experimental device was designed based on an aluminum alloy
plate, in which a spiral groove was made by milling. Test samples of the four polymeric
materials manufactured by 3D printing were placed in this spiral groove. It was considered
that using a spiral test sample would allow an increase in the length of the test sample
whose thermal expansion is measured and could provide additional information on the
process of thermal expanding or negative thermal expanding of the test sample. Finite
element modeling of the heating of the spiral test sample in the spiral groove in the
aluminum alloy plate has led to the observation that there is a variation in temperature
along the spiral due to cooling at different speeds of the aluminum alloy plate spiral
groove is located. In the case of experimental research, the expansion measurement of
the outer end of a rectilinear segment of the test sample was performed using an optical
microscope. The experimental results were mathematically processed using specialized
software based on the least squares method. The specialized software allowed the selection
of the most appropriate empirical mathematical models from five mathematical models
frequently used in experimental research of different processes in manufacturing technology.
The graphical representations elaborated by considering the experimental results and
the empirical mathematical models determined by the experimental results showed that,
among the materials analyzed, the most intense negative thermal expansion is obtained in
the case of polyethylene terephthalate. At the same time, the lowest heat shrinkage was
noticed in the case of thermoplastic polyurethane material. In the future, it is intended
to expand the experimental research on test samples made of other polymeric materials
and deepen the research related to the non-uniform material heating of the test sample in
the aluminum alloy plate. Experimental research will also be carried out on changing the
thermal expansion or negative thermal expansion coefficients with temperature variation.
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Abstract: The strength of a joint between the ends of one or more strips can be improved by making
the contours of the joint into the shape of either the Greek letter omega or of a dovetail. From the point
of view of industrial practice, it is of interest to study the behavior of these joints under stretching
demands. The emergence and development of additive manufacturing processes for parts made of
polymeric materials has led to the idea of conducting experimental tests to highlight the behavior of
omega and dovetail-type joints during the tensile test. For the tensile testing of some test samples in
which omega and dovetail joints were used, a Taguchi array of type L18 was employed, with eight
independent variables, one variable with a two-level variation, and seven variables with variations
on three levels. As independent variables, the type of joint, the couple of polymer materials used
to make the two components of the joint, some characteristic dimensions of the joint contours, and
some input factors in the 3D printing process were established. The values of average force and
average displacement at the peak were considered output parameters. The experimental results
were mathematically processed, determining empirical mathematical models of the second-degree
polynomial type. These models highlight the influence exerted by the considered input factors on the
values of the output parameters.

Keywords: strip end; omega contour; dovetail contour; polymer; tensile; force; displacement; modeling

1. Introduction

Belt-type strips can be used as transmission belts and in other products’ assembly or
packaging activities. In this paper, a strip is considered a part where the length is much
greater than the width, and the thickness is relatively low compared to the width. The
strips are slightly rigid in the case of bending stresses exerted in a perpendicular direction
to the surface, in the dimensions corresponding to the length and width of the strip. Most
strip parts are subject to tensile stresses.

The development of processes for manufacturing parts made of polymeric materials
through 3D printing has facilitated the development of research on how to join strip ends,
whether made of the same or of different materials. The strips can be made of metallic or
non-metallic materials, the last group being, for example, polymer materials. To increase the
strength of the joint between strip ends, it has been possible to introduce an interweaving
of several layers belonging to the two strip ends to be joined.

The strength characteristics of the joint of strip ends made by 3D printing depends on the
joint’s shape and dimensions and the values of some input factors in the 3D printing process.

When using distinct polymer materials for the two strips, additional problems arise as
to how they are joined. To obtain a strong joint when using the interweaving solution, a
degree of chemical compatibility and a certain bonding of the polymer materials used in
the 3D printing process is required. The use of interweaving must be applied in such a way
as to avoid, as far as possible, too pronounced porosity or the appearance of cracks.
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Problems specific to the behavior of strip end joints or other types of mechanical joints
have been addressed by some researchers concerned with obtaining joints with higher
mechanical strength.

Thus, Tiwari et al. analyzed the possibilities of making a joint starting from compo-
nents manufactured by 3D printing from similar/dissimilar thermoplastic parts and using
friction stir welding [1]. They focused on the optimization of the behavior of the joint from
the point of view of weld strength, elongation, hardness, and desired flatness.

Lopes et al. studied the tensile strength of multi-material test samples made by
additive manufacturing from polymeric materials [2]. The obtained results highlighted the
importance of the influence of the interface formed upon the contact of some components
made of different materials on the value of Young’s modulus and the value of the tensile
strength of the multi-material test samples.

Chen and Zhang used 70/30 and 30/70 ABS/PETG blends to evaluate notched impact
strength [3]. They observed that ABS/PETG (30/70) blends showed an obvious increase in
impact strength. The addition of a compatibilizer can result in improved flexural strength.

The problem of the influence exerted by slicing parameters on multi-material adhesion
mechanisms in the case of parts manufactured by 3D printing was addressed by [4]. They
found that interlocking strategies can compensate for the disadvantages of less favorable
thermodynamic and diffusion mechanisms.

Ribeiro and Sousa Carneiro considered the problem of interface geometry in the
case of multi-material test samples produced by fused filament fabrication from polymer
materials [5]. They used T-shape, U-shape, and dovetail shape joints.

Ando et al. have achieved a stronger horizontal adhesion and a weaker vertical
adhesion in the case of the tensile test of some samples made by additive manufacturing of
multi-colored polylactic acid materials [6].

Kluczyński et al. [7] used both non-destructive testing methods (laser amplified ul-
trasonography, microscopic observations) and tensile tests to study the behavior of joints
generated by multi-material additive manufacturing. They found that an overlap connec-
tion of two parts made of polylactic acid can increase tensile strength by up to 14% and
elongation by up to 22%.

Hasanov et al. addressed the problem of additive manufacturing of multi-material
parts [8]. They appreciated that to obtain a joint with high mechanical resistance, it is
necessary to consider the factors that influence the result of combining the two materials
To lessen the negative effect of shrinking adhesion between the components of a joint made
of chemically incompatible materials, Kuipers et al. proposed using a so-called interlaced
topologically interlocking lattice [9]. They found that in this way, joints with a behavior
close to that of dovetail in-interlocking could be obtained.

In this paper, the research results sought to highlight the influence exerted by the
shape and dimensions of joints, along with the values of some input factors in the 3D
printing process, on the tensile strength of samples made of pairs of distinct polymers.
Joints in the form of the Greek letter omega and dovetail joints were considered.

2. Materials and Methods
2.1. Initial Considerations

When the problem of joining the ends of a strip or several strips arises, it is necessary
to choose from several possible alternatives approaches. The simplest way to join is along a
straight line perpendicular to the parallel edges of the strip. A slightly more complicated
alternative, which increases joint strength by increasing the length of the joint area, could be
along an inclined line to the parallel edges of the strip. In both cases highlighted previously,
it is necessary to glue or weld those surfaces of the strip or strips to make the joint.

An increase in the tensile strength of the joint becomes possible by making a shaped
area on one end correspond to the the same shape in reflection on the other strip end to
which the first end is to be joined, as in a jigsaw puzzle. As such, several usable solutions
have appeared. Two involve a joint along a contour similar to the Greek letter omega (Ω) or,
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respectively, along a so-called dovetail contour (Figure 1). Also, in this case, to increase the
operational reliability of the joint, it is beneficial to use gluing or welding of the strip ends.
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Figure 1. Joints along an outline of the Greek letter omega (a) and dovetail (b) shape.

For both omega and dovetail-type joints, the mechanical stressing and breaking of the
strip ends are affected by the dimensions that characterize these joints.

Thus, if we consider in both cases the presence of a “neck”, when the width nw of the
neck is large to the width of the strip, it is expected that the lateral areas of the opposite
end will bear an elastic deformation until the free exit of the profile in the form of an arc
of a circle or an isosceles trapezoid of the lower end of the strip (Figure 2a); or even to the
breaking of the two lateral areas of the upper end (Figure 2b). If the width nw of the neck is
small compared to the width of the strip, it is expected that the strip end break will occur
right next to the bottom end neck (Figure 2c).
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Figure 2. Hypotheses regarding the damage of a joint in the case of an omega-type joint: (a) by elastic
deformation of some areas of the upper end; (b) by deformation until the initiation of cracks in some
areas of the upper end; (c) by deformation until the initiation of some cracks in the area of the neck
on the lower end.

The emergence and development of additive manufacturing processes have increased
the number of possible alternatives for joining strip ends. It was possible to interweave
some layers of the materials of the two ends of the strip (Figure 3). This situation will lead,
on the one hand, to reducing the risk of one end of the strip moving to the other along a
direction perpendicular to the strip. On the other hand, increasing the contact surfaces
between the two ends of the strip could increase the joint’s mechanical strength.
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An interesting problem is also the behavior of end joints of strips made of different
materials when the joints are made by 3D printing. Some aspects of the behavior of such a
joint will be considered next.

Multi-material models result from joining two or more bodies of the same part
(i.e., meshes). Depending on the model, the joint surfaces have a simple flat or circu-
lar arc profile. Since each part has a material associated with it, the printer will only deposit
the materials within the mesh boundaries. Depending on the part design, the materials can
be deposited side by side, layered, or both [2].

To increase the strength of the bond between materials, slicing tools such as Cura
provide a parameter called Merged Meshes Overlap (MMO), which allows materials to
cross into each other to interweave, improving joint strength. For this study, the parameter
was set to zero to control it via CAD modeling.

2.2. Materials

Three distinct materials were chosen: a blue acrylo-butadiene-styrene from REC, a
black polylactic acid PA645 (i.e., a PA6.6-based material) from Taulman3D, and a red
Polyethylene terephthalate glycol PETG. These materials were chosen based on their low
compatibility and similar melting range. A literature review shows that these pure polymer
combinations, ABS-PA645 [8], ABS-PETG [1], and PETG-PA645 [10], have poor bonding.
However, research has shown that blends of ABS and PETG have better properties than the
base materials [11].

2.3. Experimental Conditions

As is known, when the determination of an empirical mathematical model is intended
to highlight the influence of different input factors in the investigated process on some
process output parameters, the use of the least squares method may make it necessary to
perform a large number of experimental tests to reach an acceptable confidence level for
the identified empirical mathematical model.

However, through the so-called design of experiments, it has become possible to signif-
icantly reduce the number of experimental trials required so that an empirical mathematical
model can be determined through the mathematical processing of the results [12–14].
Ronald Fisher proposed the first principles of using the design of experiment method in
1924. In 1935, Fisher even published a book entitled “Design of experiments”.

Starting in the 1950s, Genichi Taguchi identified a series of situations in which the
number of experimental tests can be reduced yet further, without significantly affecting the
quality of the identified empirical mathematical model [15–17].

An experimental research solution using a relatively small number of experimental
trials corresponds, for example, to a Taguchi L18 array with one input factor at two variation
levels and seven input factors at three variation levels [18–20]. Such a Taguchi L18 array
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will be used to determine an empirical mathematical model capable of highlighting the
influence of some input factors in the 3D printing process on the average force at peak and,
respectively, on average displacement at peak.

For the design of the experiment, a Taguchi L18 array with one input factor at
two levels and seven input factors at three levels was considered.

The input factors are joint shape (j), material pairs (m), neck width (nw), neck height
(nh), shape height (s), number of walls (now), line width (l), and the overlap level (o) of the
layers of the two parts being joined.

The values corresponding to the various levels of the input factors can be seen in Ta-
ble 1. The first variable provides information on the joints’ shape, omega, and dovetail. The
joint dimensions are defined by the neck width (nw), neck height (nh), and shape height (s).
As seen in Figure 4, the contact interfaces are constrained symmetrically relative to the
mid-plane of the test sample.

Table 1. Experimental conditions and results.

Exp. Run

Input Factors Output Factors

Joint
Shape, j Material Pairs, m

Neck
Width, nw,

mm

Neck
Height, nh,

mm

Socket
Height, s,

(mm)

No. of
Walls,
now

Line
Width, l,

(mm)

Overlap,
o, mm

Avg. Force
at Peak, F,

kN

Avg. Dis-
placement
at Peak, L,

mm

R1 Omega ABS-PA645 5 5 8 3 0.4 0 0.288 4.330
R2 Omega ABS-PA645 8 8 11 4 0.45 2 0.613 4.128
R3 Omega ABS-PA645 11 11 14 5 0.5 4 0.638 6.363
R4 Omega ABS-PETG 5 5 11 4 0.5 4 1.628 2.253
R5 Omega ABS-PETG 8 8 14 5 0.4 0 0.373 0.573
R6 Omega ABS-PETG 11 11 8 3 0.45 2 1.278 1.640
R7 Omega PA645-PETG 5 8 8 5 0.45 4 0.555 3.095
R8 Omega PA645-PETG 8 11 11 3 0.5 0 0.148 4.448
R9 Omega PA645-PETG 11 5 14 4 0.4 2 0.820 5.200

R10 Dovetail ABS-PA645 5 11 14 4 0.45 0 0.100 2.860
R11 Dovetail ABS-PA645 8 5 8 5 0.5 2 0.328 1.660
R12 Dovetail ABS-PA645 11 8 11 3 0.4 4 0.830 5.758
R13 Dovetail ABS-PETG 5 8 14 3 0.5 2 0.728 0.975
R14 Dovetail ABS-PETG 8 11 8 4 0.4 4 1.613 2.273
R15 Dovetail ABS-PETG 11 5 11 5 0.45 0 0.175 0.810
R16 Dovetail PA645-PETG 5 11 11 5 0.4 2 0.443 2.123
R17 Dovetail PA645-PETG 8 5 14 3 0.45 4 0.738 5.070
R18 Dovetail PA645-PETG 11 8 8 4 0.5 0 0.078 3.530
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The last three input factors consider some characteristics of the 3D printing process
of test samples. The number of walls (otherwise known as contours, perimeters, or shells)
now refers to the number of closed paths deposited along the edge of the part [21]. The line
width or the extrusion width (l) is the thickness of an extruded filament that influences the
number of passes required to fill a full-density layer. Good results are obtained with line
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width between 60% and 150% of the nozzle orifice diameter. Higher values of this ratio can
be used, but the results depend on the extrusion subsystem and filament diameter. A wider
line width decreases the manufacturing time [22] and increases the tensile strength [23].
However, wider width lines increase the heights of surface asperities generated, due either
to larger gaps between filling lines and walls [24] or to under extrusion if the extruder
cannot melt the filament and provide a constant material flow.

Tensile tests were performed using an Instron 4411 uniaxial testing machine with a
load capacity of 5 kN. All samples were printed using a 3D printer, Ultimaker 3, in an
enclosure after reaching 35 ◦C. Each run covered in the experimental array was printed
in four or five replicates. The results of the average tensile strength tests were processed
using the statistical tool Minitab 21.1. As a benchmark for the resulting samples, six groups
of samples were printed having the following material pairs: ABS-ABS, PA645-PA645, and
PETG-PETG, to compare both forms of interconnection. The other parameters were kept at
the mid-level values (see Table 2, except for overlap, which was set to zero).

Table 2. Constant process parameters and their levels.

Parameter Value Parameter Value

(1) Layer thickness (mm) 0.2 (11) Initial layer speed (mm/s) 15
(2) No. of top/bottom layers 5 (12) Z Hop height (mm) 1.6
(3) Left extruder seam alignment Back left (13) Retraction distance (mm) 7
(4) Right extruder seam alignment Back right (14) Retraction speed (mm/s) 35
(5) Infill pattern Gyroid (15)1 Fan speed (%) 10|15|30
(6) Infill density (%) 40 (16) Brim Yes
(7) Printing temperature (◦C) 245 (16) Brim width (mm) 3
(8) Bed temperature (◦C) 65 (17) Closed environment Yes
(9) Print speed (mm/s) 30 (18) Alternate mesh removal Yes

(15)1 Normal font is associated with ABS, Italic with PA645, and Bold with PETG.

The conditions under which the experimental tests were carried out and the results
of these experimental tests are included in Table 1. It is necessary to specify that the
values of the output factors in the last two columns of Table 1 are average values for four
experimental tests carried out with the same values of input factors. An image regarding
the dispersion of the experimental results from the case of experiments no. 2 and 12 can be
seen in Figure 5.

The overlap o (Figures 3 and 6) between the female and male bodies was adjusted
in the sample design stage. Thus, the overlap value of the merged meshes in Cura was
set to zero. Alternate mesh removal is another parameter enabled when printing samples.
When the meshes are overlapped, the slicer removes a part of the mesh to make space
for the other sample’s mesh. In this way, the meshes alternate layer by layer, woven like
the structure of the materials. An example of the effect of using the ‘meshes overlap with
alternate mesh removal’ function enabled is shown in Figure 6.
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As shown in the preview of the g-code, in addition to the interlocking geometry, the
materials are also held together by the woven structure created by overlap and alternate
mesh removal. It was hypothesized that the frictional force (generated by the stacked
layers) would improve the tensile strength of the test pieces.

In this regard, the line width l could influence the value of the pulling friction force. As
previously mentioned, if the line width l is larger, larger voids may occur—either when the
lines fuse or due to the possible under-extrusion. This means the second material deposited
in the overlapping region will fill the voids formed, creating a mechanical interlock between
the layers. The values of the other input factors considered for printing were kept at a
constant value and can be seen in Table 2.

The appearance of some damaged test samples as a result of the tensile test is highlighted
in Figure 7. In the case of some test samples made from the ABS-PA645 material couple
(experiments R1 and R10), the joint damage develops through the elastic deformation of some
areas of the two components of the joint. This fact could be justified by the lower mechanical
resistance of the materials of the two components. In the case of some test samples made of
the ABS-PETG material couple (experiments R4 and R13), damage to the test samples was
observed near the interweaving area over the entire width of the test sample.
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2.4. The Use of the Finite Element Method to Model Some Aspects of the Tensile Behavior of a Joint

Finite element method (FEM) analyses were first considered to highlight stress and
strain distribution on selected surfaces of the assemblies. From the 18 samples, two different
experiments in terms of shape were selected: experiment R2, corresponding to an omega
joint; and experiment R12, corresponding to a dovetail joint. These experiments led to
severe damage to the test samples at the end of the tensile tests.
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Some material properties were considered for ABS and generic ABS plastic PA645 and
PET plastic. Such properties have been identified in Ansys’s Granta. We considered modeling
new materials in Ansys’s Material Designer module derived from PET plastic with added
uniaxial tension test data. That allowed us to design an anisotropic response based on the
matrix of the material as mentioned above. The model was set to create a randomized
unidirectional composite with default values for volume fraction, seed, and fiber diameter.
It used conformal meshing, model set as anisotropic when computing with linear elasticity.
Thus, we obtained the stiffness matrix. The results were exported to engineering data where
we added the uniaxial tension test data in tabular form, given by the Instron 4411 equipment
used for experimental tensile tests. Because both samples cracked, the model aimed to use a
method of crack growth assessment to find out if the results matched in terms of direction and
shape. Static Crack Growth was used for the possible estimates of the crack growth in case of
fracture [25]. In the case of the female component, a quadratic mesh size corresponding to
the mesh element of 1 mm was combined with a patch-conforming method based on the use
of tetrahedrons, which together took into account the computational limits proposed. The
physics preference was set to Nonlinear Mechanical.

The simulations took into account different fixed supports and forces that would be
involved in the tensile tests. Since there were different layers, time substeps were used.

The best-case scenario involved different loads and supports for each layer. However,
the results are intermediate and should not be used in new research without further
refinement due to the designed material’s behavior which can be different in terms of
fiber reinforcement and additives used by the manufacturer. Only the female part of
the two distinct shapes were considered and put to the test by treating each strip end
individually. Thus, we imposed supports and loads on each strip end for the omega and
dovetail-shaped samples which received pre-modeled V-shaped cracks. Within Ansys
Static Structural, we used the Fracture tool with the SMART Crack Growth condition based
on Static Crack Growth with Failure Criteria Option set to Stress Intensity Factor with a
critical rate of around 100 MPa. All cracks received their Coordinate Systems that were
used inside the Pre-Meshed Crack tool with six solution contours. Fracture Controls in
Analyses Settings were on, and Stress Intensity Factor enabled. The strip ends that were not
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cracked received force loads acting almost normally in the Y direction of the top face of the
predesigned crack as the X axis points to the initial crack growth direction. This resulted in
an asymmetric response using the Nonlinear Adaptive Region tool with the criterion set to
Mesh Quality with the option for Skewness and the Jacobian ratio at default values.

The R2 sample exhibits severe failure, as shown in Figure 8. FEM yields a value of
around 0.07 mm/mm for equivalent elastic strain, and each of our five samples of R2 varies
from under 0.09 up to 0.13. However, deformed strip ends look slightly different between
real-life samples and FEM ones. The difference could come from the linear deformation
recorded in the tensile tests versus the total deformation in the FEM that considers all
six degrees of freedom.

Polymers 2022, 14, x FOR PEER REVIEW 10 of 17 
 

 

 
Figure 8. Comparison of results for R2 omega-shaped test sample: (a) real-life sample after tensile 
test; (b) FEM result when using the equivalent elastic strain distribution. 

For the R12 dovetail-shaped test sample, the results are shown in Figure 9. The test 
sample registers around 0.15 mm/mm for equivalent elastic strain, and each of our five 
samples of R12 vary from under 0.09 up to 0.16. Real-life samples show more severe 
damage than FEM ones. A possible explanation could be that FEM stops after failure 
criteria are met, whereas tensile tests continue. 

A certain correspondence between real-life samples and FEM results was achieved 
regarding deformation and failure. The authors acknowledge that further refinement is 
mandatory in view of the behavior of the material in our experiments, and FEM setup 
having focused only on female parts. 

 
Figure 9. Comparison of results for R12 dovetail-shaped sample: (a) real-life sample after tensile 
test; (b) FEM result with equivalent elastic strain distribution. 

2.5. Using the ANOVA Method to Identify Significant Input Factors 
To obtain information on the significance of the factors considered in terms of their 

influence on the values of the output parameters of the considered process, the ANOVA 
method was used. Analysis was performed using Minitab software. 

Thus, in the case of using the ANOVA method to evaluate the significance of the 
factors capable of exerting influence on the average force at peak, the results presented 
synthetically in Table 3 were obtained. 

  

Figure 8. Comparison of results for R2 omega-shaped test sample: (a) real-life sample after tensile
test; (b) FEM result when using the equivalent elastic strain distribution.

For the R12 dovetail-shaped test sample, the results are shown in Figure 9. The
test sample registers around 0.15 mm/mm for equivalent elastic strain, and each of our
five samples of R12 vary from under 0.09 up to 0.16. Real-life samples show more severe
damage than FEM ones. A possible explanation could be that FEM stops after failure
criteria are met, whereas tensile tests continue.

A certain correspondence between real-life samples and FEM results was achieved
regarding deformation and failure. The authors acknowledge that further refinement is
mandatory in view of the behavior of the material in our experiments, and FEM setup
having focused only on female parts.
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2.5. Using the ANOVA Method to Identify Significant Input Factors

To obtain information on the significance of the factors considered in terms of their
influence on the values of the output parameters of the considered process, the ANOVA
method was used. Analysis was performed using Minitab software.

Thus, in the case of using the ANOVA method to evaluate the significance of the
factors capable of exerting influence on the average force at peak, the results presented
synthetically in Table 3 were obtained.

Table 3. Results of analysis of variance for average maximum force.

Source DF Seq SS Adj SS Adj MS F-Value p-Value

Joint shape, j 1 58.07 58.068 58.68 84.65 0.012
Materials pairs, m 2 152.32 153.318 76.659 111.76 0.009

Neck width, nw 2 2.19 2.190 1.095 1.60 0.385
Neck height, nh 2 6.52 6.524 3.262 4.76 0.174
Socket height, s 2 0.32 0.319 0.160 0.23 0.811

Number of walls, now 2 24.70 24.701 12.351 18.01 0.053
Line width, l 2 58.32 56.324 29.162 42.51 0.023

Overlap, o 2 725.99 725.986 362.993 529.18 0.002

Residual error 2 1.37 1.372 0.686

Total 17 1030.80
In Table 3, the symbols used have the following meanings: DF—degrees of freedom; Seq SS—Sequential sums
of squares; Adj SS—the adjusted sum of squares; Adj MS—adjusted mean squares; F-value—value on the
F distribution; p-value—the probability of obtaining the observed results.

The critical value Fcrit of Fisher’s criterion for a risk coefficient α = 5% was determined
as follows. Given the number of degrees of freedom v1 = N − k − 1 = 18 − 8 − 1 = 9, and
v2 = N(n − 1) = 18(8 − 1) = 126, one can evaluate Fcrit = 2.01 from a table that includes
Fisher distribution values [26]. Analyzing the values calculated using the Minitab software
for F-value, it is found that values higher than the critical value (Fcrit = 2.01) were obtained,
depending on the values of the F-value criterion for overlap o (F-value = 529.18), material
pairs m (F-value = 111.76), joint shape j (F-value = 84.65), line width l (F-value = 42.51),
number of walls now (F-value = 18.01), neck height nh (F-value = 4.76). This means that the
six input factors influence the average displacement value at peak L.

Regarding the p-value, it can be seen that values lower than 0.05 were determined for
the following factors: joint shape j (p-value = 0.012), materials pairs m (p-value = 0.009), line
width l (p-value = 0.023) and overlap o (p-value = 0.002). According to current conventions,
for p-value < 0.05, it can be considered that there is a statistically significant relationship be-
tween the input factors for which the condition for p-value is met and the output parameter
considered (in the present case, the average displacement at peak L).

3. Results

The experimental results were entered in the last two columns of Table 1. To establish
some empirical mathematical models that highlight the influence exerted by the values
of the input factors in the investigated process on the values of some output parameters
of the same process, specialized software was used for the mathematical processing of
experimental results [27]. This software is based on the least squares method. It allows the
selection of the most appropriate empirical mathematical model from five such models (first-
degree polynomial, second-degree polynomial, power type function, exponential function,
and hyperbolic function). The selection of the most appropriate empirical mathematical
model to the experimental results is performed using the value of Gauss’s criterion SG. The
SG value is determined by taking into account the sum of the squares of the differences
between the values of the ordinates determined using the proposed empirical model, on
the one hand, and the values of the ordinates corresponding to the experimental tests, on
the other—for the same values of the abscissas. The smaller the value of Gauss’s criterion,
the more appropriate to the experimental results is the empirical mathematical model.
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Empirical power function mathematical models have been relatively frequently used
in manufacturing processes (for example, to highlight the influence exerted by various
factors on the cutting tool life, the size of the cutting forces, the value of some roughness
parameters, etc.). Moreover, empirical mathematical power function models can also
provide a direct picture of the intensity of influence exerted by a factor on the value of
an output parameter by examining the value of the exponent attached to that factor in
the power function model. For these reasons, attention was also paid to power functions
as empirical mathematical models in the present work. It should be noted that power
function-type mathematical models can only be used for a monotonic variation of the
output parameter to the values of the input factors. Therefore, it will be assumed that,
when pursuing the identification of some power function type mathematical models, and
for the various intervals of the values of the input factors, monotonous variations of the
two output parameters of the investigated process will then be obtained.

Through the mathematical processing of the experimental results with the help of
specialized software, the following empirical mathematical models were arrived at and
considered to be the most appropriate for the available experimental results:

For average force at peak:

F = −54.794 + 87.207j − 29.115j2 + 2.003m − 0.501m2 + 0.0131nw − 0.000686nw
2 − 0.267nh

+ 0.0171nh
2 + 0.00602s − 0.00121s2 + 1.996now − 0.265now

2 − 31.306l + 33.259l2 + 0.306o − 0.0261o2,
(1)

for which the value of the Gauss’s criterion is SG = 0.002434847.
For average displacement at peak:

L = −258.788 + 443.982j − 148.243j2 − 10.630m + 2.625m2 − 0.169nw + 0.0239nw
2 − 0.425nh

+ 0.0272nh
2 + 0.416s − 0.0132s2 + 1.794now − 0.303now

2 − 126.527l + 138.649l2 − 0.482o + 0.206o2,
(2)

for which the value of Gauss’s criterion is SG = 0.1335882.
It can be seen that from the point of view of the adequacy of the empirical mathematical

models to the experimental results, the most convenient of the five models considered is
the polynomial one of the second degree.

If this chosen model considers the determination of mathematical models of power-
type functions, it obtains:

For average force et peak:

F = 0.553j − 0.692m − 0.0351nw − 0.105nh − 0.204s − 0.0159now − 0.750l− 2.556o0.143, (3)

for which the value of Gauss’s criterion is SG = 0.1720331.
For average displacement at peak:

L = 7.083j − 0.377m − 0.204nw − 0.295nh − 0.0853s − 0.0265now − 1.054l − 0.0793o0.0318, (4)

for which the value of Gauss’s criterion is SG = 4.216496.
Using the empirical mathematical models, the diagrams in Figures 10–14 were de-

veloped. When generating these diagrams, the empirical mathematical models of the
second-degree polynomial type (Equations (1) and (2)) were used, estimating that these
models better reflect the actual behavior of the material combinations used to make omega
and dovetail joints.
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Figure 14. Influence of the number of walls now and neck height nh on the average displacement L
(j = 1 for the omega joint, m = 2 for the materials pair ABS-PETG, nw = 8 mm, s = 11 mm, line width
l = 0.45 mm, overlap o = 2 mm; diagrams were made using MATLAB software).

4. Discussion

The analysis of the empirical mathematical models constituted by Equations (1)–(4) and the
graphic representations in Figures 10–14 allowed the formulation of the following observations.

It is found that in the mathematical model of the second-degree polynomial corre-
sponding to the output parameter (Equation (1)) of average force F at peak, the lowest
values of the coefficients attached to the variables nw and s also have the lowest values. This
means that the input factors related to these variables (neck width nw and socket height s)
practically do not influence the average force F. A similar statement can be made about the
influence of the two factors (neck width nw and socket height s) on average displacement L
if the structure of Equation (2) is analyzed. The latter was also highlighted by the results
from the ANOVA method.

In the bar diagrams in Figure 10, the values of the average force F and average
displacement L were highlighted for the two types of joints (omega and dovetail) and the
three combinations of two materials considered. It is found that those combinations of
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materials m that lead to a higher value of average force F are found both in the case of the
omega-type joint and in the case of the dovetail-type joint (it is the ABS-PETG combination,
corresponding to the symbol m = 2). The order of material combinations in terms of average
force F is the same for both types of joints (omega and dovetail).

It is also observed that omega-type joints lead to higher average forces F at peak than
those in the case of dovetail-type joints. A possible explanation of this could be based on
the existence, in the case of the dovetail joint, of some areas of jointing of certain surfaces
at sharp angles, which would lead to the formation of higher stress concentrators and,
therefore could reduce the mechanical strength of the joint.

Considering the average displacement L at peak, it is found that the lowest displace-
ment values correspond to the same combination of materials that also leads to a maximum
value of average force F at peak. This is logical because the material that requires the
highest value of average force F will also have the lowest average displacement L.

The existence of maxima or minima for the variations of the F and L parameters when
variations in the values of the significant input factors occur have been highlighted in the
diagrams in Figures 11–14.

The analysis of the empirical mathematical models constituted by Equations (1) and (2)
and the graphic representations in Figures 11–14 both highlight the fact that, if we abstract
from the type of joint j and the pair of materials m, the strongest influences on the two
output parameters (F and L) seem to be exerted by the values of the input factors overlap o,
line width l, and the number of walls w. These input factors were assigned larger coefficient
values from mathematical models (1) and (2). It was thus expected that an increase in the
overlap value o would lead to higher average breaking forces F of the test samples due to
the interwoven joining on larger surfaces of the two components of the test samples.

5. Conclusions

The study of the information from the specialized literature and industrial practice
highlighted the existence of two possibilities for increasing the strength of strip end joints,
namely those based on the use of omega-shaped joints and those based on dovetail-type
joints. The finite element method was used to simulate the processes in the joint area.
As a result of the increase in tensile force, the deterioration process of at least one of
the components of the specimen is initiated. In general, the FEM simulation revealed a
faster deterioration of the female component of the test samples. The use of three distinct
polymeric materials was considered for the realization of the test samples that were later
subjected to tensile tests.

Distinct values were proposed and used for some dimensions that characterize omega
and dovetail joints, namely the neck width, the neck height, the socket height, and the
overlap that characterized the interweaving of some areas of the ends of the joints. The
number of walls and the line width were used as input factors in the 3D printing and
defined this process. The experimental tests were carried out following the requirements of
a Taguchi L18 factorial experiment with 8 independent variables. The average force at the
peak and the average displacement at the peak were used as output parameters. In the case
of the average displacement, the ANOVA method allowed the identification of the factors
that most significantly influence the output parameter values. The experimental results
were then mathematically processed with the help of specialized software, and it was found
that empirical mathematical models of the second-degree polynomial type are appropriate
for the obtained experimental results. The analysis of the empirical mathematical models
and the graphic representations developed based on these empirical models highlighted
that the main input factors able to exert influence on the values of the output parameters
are primarily the type of joint and, secondly, the material components assembled at the
joint. In the future, the intention is to expand this theoretical and experimental research
by taking into account other polymeric materials and the variation of other test sample
dimensions on the values of the two considered output parameters.
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Abstract: Background and Objectives: Acrylic resins remain the materials of choice for removable
prosthesis due to their indisputable qualities. The continuous evolution in the field of dental materials
offers practitioners today a multitude of therapeutic options. With the development of digital
technologies, including both subtractive and additive methods, workflow has been considerably
reduced and the precision of prosthetic devices has increased. The superiority of prostheses made
by digital methods compared to conventional prostheses is much debated in the literature. Our
study’s objective was to compare the mechanical and surface properties of three types of resins
used in conventional, subtractive, and additive technologies and to determine the optimal material
and the most appropriate technology to obtain removable dentures with the highest mechanical
longevity over time. Materials and Methods: For the mechanical tests, 90 samples were fabricated
using the conventional method (heat curing), CAD/CAM milling, and 3D printing technology. The
samples were analyzed for hardness, roughness, and tensile tests, and the data were statistically
compared using Stata 16.1 software (StataCorp, College Station, TX, USA). A finite element method
was used to show the behavior of the experimental samples in terms of the crack shape and its
direction of propagation. For this assessment the materials had to be designed inside simulation
software that has similar mechanical properties to those used for obtaining specimens for tensile tests.
Results: The results of this study suggested that CAD/CAM milled samples showed superior surface
characteristics and mechanical properties, comparable with conventional heat-cured resin samples.
The propagation direction predicted by the finite element analysis (FEA) software was similar to that
observed in a real-life specimen subjected to a tensile test. Conclusions: Removable dentures made
from heat-cured resins remain a clinically acceptable option due to their surface quality, mechanical
properties, and affordability. Three-dimensional printing technology can be successfully used as a
provisional or emergency therapeutic solution. CAD/CAM milled resins exhibit the best mechanical
properties with great surface finishes compared to the other two processing methods.

Keywords: removable dentures; acrylic resins; subtractive methods; additive technologies; finite
element analysis

1. Introduction

Complete and partial edentulism are the most severe and irreversible forms of edenta-
tion, which leads to imbalances in all elements of the stomatognathic system. This is why
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practitioners and researchers have been continuously concerned over time, seeking to find
an optimal therapeutic solution that allows the restoration of all the affected functions.

Acrylic dental resins, especially poly-methyl-methacrylate (PMMA) resin, are com-
monly used in dentistry as denture base materials due to their advantages, including
their relatively high strength, acceptable hardness, color stability, insolubility in the oral
cavity, low weight, and low conductivity [1,2]. However, these materials have numerous
drawbacks which are frequently reported by practitioners, the most common of which
are poor mechanical strength, susceptibility to staining [3], curing shrinkage, and water
sorption [3–5].

In the last decade, digital technologies have become an alternative to the conventional
fabrication of acrylic removable dentures [6]. These methods substantially reduce workflow,
facilitate quick communication between the dentist and the dental technician, and increase
patient comfort [7]. Most available systems use subtractive and additive manufacturing
to fabricate acrylic-based dentures [8,9]. The materials used in these technologies are
industrially produced, so they have superior chemical and volumetric stability and optimal
mechanical strength [10–13]. Subtractive systems use pre-polymerized acrylic discs, from
which, based on the information received from the CAD unit, the future prosthesis will be
milled. Milling strategies allow for obtaining a well-fitted prosthesis with highly accurate
surfaces [14–18].

Several 3D printing technologies have been employed in dentistry, including stere-
olithography (SLA), digital light processing (DLP), selective laser sintering (SLS), selective
laser melting (SLM), electron-beam processing (EBM), polyJet photopolymer printing, and
fused deposition modeling (FDM). However, the stereolithographic printing of light-cured
polymers has gained popularity [19].

Additive methods reduce workflow and the numbers of appointments, allow repro-
duction of all details, and reduce material waste [20,21].

Printing parameters, such as laser intensity, calibration of the printer and software,
resin properties, build direction and angle, layer thickness and numbers, the bond between
the layers, the amount of supporting structures, and post-polymerization conditions, play
an important role regarding the quality of the final product [22]. It is a huge responsibility
for dental staff to fabricate high-quality removable dentures, and it is important to know the
details and particularities of each method. Digitalization in the prosthetics field has already
activated research and clinical potential and will do significantly more in the near future.
Consequently, these systems must be studied to determine their advantages and down-
sides. A removable denture requires a considerable number of clinical and technological
procedures, as well as digital approaches that have the benefit of drastically lowering the
amount of work required. On the other hand, the expenses of such a technical line are still
rather high, and many experts do not view the procurement of equipment for producing
detachable prostheses via additive or subtractive methods as a lucrative investment.

Finite element analysis (FEA) is a computational method that allows for the accurate
modeling and analysis of complex structures, making it a valuable tool across a wide range
of fields, from engineering to biology. Since Finite Element Analysis (FEA) is a numerical
method capable of evaluating the stresses and deformations in structures. It has become a
widely accepted and non-invasive approach for studying the biomechanics of biological
systems and understanding the impact of mechanical forces on them [23].

Over the last few years, there has been rapid progress in the field of materials used for
fabricating removable dentures. Nonetheless, the most recent studies on the mechanical
and surface properties of resins do not cover the entire range of commercially available
products across all countries. Our study is highly valuable for current practice as it an-
alyzes the most used acrylic resins in our laboratories, replicating the real technological
working flow involved in prostheses fabrication. The current research aimed to perform a
comparative analysis of the selected mechanical characteristics of three types of resins used
in conventional, subtractive, and additive technologies and to determine the optimal mate-
rial and the most appropriate technology to obtain removable dentures with the highest
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mechanical longevity over time. Additionally, for ensuring the precision of the outcomes,
we evaluated the ability of the FEA software to predict the direction of crack propagation,
as well as provide valuable insights related to stress and strain phenomena.

The null hypothesis was that the mechanical and surface properties of the samples are
unaffected by the fabrication process.

2. Materials and Methods
2.1. Study Design

In order to investigate the properties of denture base materials, 90 samples (Figure 1)
were manufactured using resins used for conventional and CAD/CAM subtractive- and
additive-fabricated dentures. For the experimental tests that were conducted, the resin
samples were divided up into three main groups, as shown in Table 1.
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Table 1. Resin groups with their product information and experimental equipment.

Resin Groups Resin
Experimental Equipment

Surface Roughness Vickers Hardness Tensile Tests

Group 1
Heat-cured group

Meliodent Heat Cure
(Kulzer GmbH,

Hanau, Germany)

Form Talysurf® tester
(Taylor Hobson,
Leicester, UK)

HVT-1000 (Shanghai
Daheng Optics and
Fine Mechanics Co.,

Ltd., Shanghai, China)

Instron 2716-002,
Instron, Norwood,

MA, US

Group 2
Subtractively

manufactured group

Polident (Polident
d.o.o, Volja

Draga, Slovenia)

Group 3
Additively

manufactured group

Asiga DentaBASE resin
(Asiga, Alexandria,

NSW, Australia)

2.2. The Samples Design

For the hardness and roughness tests, rectangular samples with a width of 30 mm, a
length of 70 mm, and a thickness of 2 mm were made (Figure 2a).
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Dumbbell-shaped samples were used for tensile testing, with dimensions chosen
according to ISO 527-2 [24] and ASTM D-638 [25] standards (Figure 2b).

2.3. PMMA Sample Realization
2.3.1. Heat-Cured Samples

For the heat-cured samples, wax patterns were invested in Type 3 dental stones
(Moldano, Kulzer GmbH, Hanau, Germany), respecting the manufacturer processing
instructions: mixing a ratio of 100 g powder:30 mL water under a vaccum for 30 s.

Then, the metallic flask was immersed in 100 ◦C water for five minutes, the two sides
of the flask were separated, the wax fragments were cleaned, and the mold was isolated
using Isodent alginate solution (SpofaDental Inc., Jičín, Czech). The recommended mixing
ratio for the resin preparation is 35 g powder to 14 mL liquid. The liquid was added to
the mixing beaker along with an appropriate amount of powder, which was then stirred
for one minute using a spatula. After 10 min, the Meliodent Heat Cure (Kulzer GmbH,
Hanau, Germany) reached a packable consistency and could be manually pressed into the
mold. The flask was immersed in boiling water for 15 min, after which the heat source was
switched off. According to the manufacturer’s recommendations, a short cycle method
was used in the polymerization process. The flask was allowed to cool slowly in a water
bath after 20 min of boiling. Following polymerization, the specimens were extracted from
the mold.

2.3.2. Milled Samples

The wax patterns were scanned with a Swing DOF Scanner (DOF Inc., Seoul, Republic
of Korea) and the computer-aided machine automatically milled (VHF K5 Plus, VHF,
Ammerbuch, Germany) the experimental samples from CAD/CAM pink denture base
resin discs (Polident, Polident d.o.o, Volja Draga, Slovenia), measuring 95 mm in diameter
and 25 mm in thickness.

2.3.3. Printed Samples

STL files were submitted to the digital light processing (DLP) printer (Asiga MAX,
Asiga, Alexandria, NSW, Australia) for fabrication using Asiga DentaBASE resin (Asiga,
Alexandria, NSW, Australia). After the printed samples were removed from the build
platform, they were cleaned with 99% isopropyl alcohol and dried with steam.

Finally, a 20 min post-polymerization process was required, which was conducted
using the Asiga Flash Post Curing Unit (Asiga, Alexandria, NSW, Australia).
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2.3.4. Finishing and Polishing

During the sample processing phase, we utilized the Acrylic Contouring & Finishing
Kit HP (Shofu Dental GmbH, Ratingen, Germany) for denture finishing and polishing.

Initially, a dark gray AcryPoint coarse-grit BP1 tool (Shofu Dental GmbH, Ratingen,
Germany) was utilized for 60 s (in dry conditions). Then, a brown AcryPoint medium-grit
BP1 tool (Shofu Dental GmbH, Ratingen, Germany) was used for the same duration. The
instruments’ rotational speed was rather modest at 10,000 rpm.

A light gray AcryPoints tool (Shofu Dental GmbH, Ratingen, Germany) and a gentle
circular goat hair brush were employed at an even slower speed of 4000 rpm (60 s in dry
conditions) for fine finishing.

For polishing, a Pala Polish Polishing paste (Kulzer GmbH, Hanau, Germany) was
applied first to the samples, and then the procedure was carried out with a rag wheel
(Kulzer GmbH, Hanau, Germany) three times for 60 s in order to achieve a flawless sheen.

2.4. Experimental Tests
2.4.1. Roughness Tests

For each sample, six measurements (three records before and three records after
finishing and polishing) were taken at the level of the examined surface using a contact-
type roughness tester Form Talysurf® (Taylor Hobson, Leicester, UK).

Based on the determined roughness parameter values, the influence of finishing on
the micrometric profile of each surface (∆Ra) was calculated as follows:

∆Ra = Ra before finishing − Ra after finishing

Ra—the arithmetic mean roughness.

2.4.2. Vickers Hardness Tests

The Vickers tests were performed using a HVT-1000 automatic tester (Shanghai Da-
heng Optics and Fine Mechanics Co., Ltd., Shanghai, China) with a 50 gf load force for 10 s.
On each sample, five determinations were made.

The Vickers hardness (HV) was calculated using the following formula:

HV = 1854.4 L/d2

L—the load force in gf; d—the average diagonal in µm.

2.4.3. Tensile Tests

Standard tensile tests were conducted at room temperature in accordance with ISO
527-1: 2000 [25], and computer-controlled testing equipment was used for the direct strain
measurements (Instron 2716-002, Instron, Norwood, MA, USA).

Young’s modulus and the tensile stress at yield were determined using a 1 mm/min
crosshead speed.

Young’s modulus (E) was calculated according to Hook’s law:

E = σ/ε

σ—tensile stress (the amount of force applied per unit area, σ = F/A); ε—tensile strain (the
extension per unit length, ε = dL/L).

2.4.4. Finite Element Method (FEM)

The finite element method (FEM) goal was to model a fracture similar to the ones
obtained after tensile tests that would give us stress and strain distributions, which are
otherwise very difficult to measure. Our choice of software was Ansys (Ansys, Canonsburg,
USA). First, we had to design the materials with mechanical properties similar to the
ones used in our research. None of the three resins were available as a library source that
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could be used inside the simulation. Therefore, we used a specific tool -Ansys- as Material
Designer. Poly-methyl-methacrylate (PMMA) resins are most commonly used for denture
applications. We aimed to design materials similar to those used for mechanical testing [26].
For this purpose, we accessed the software library containing various types of materials,
named Engineering Data. From the composite materials section we added a Polyamide
resin and Epoxy E-Glass [27] for designing a materials similar to PMMA. In order to create
this material, the software first requires a matrix and a binder and it was selected the
resin as matrix and particles of epoxy as binder. The next step consisted of selecting a
geometry for the inner arrangement at a macromolecular level. We chose a random particle
distribution with default values of 15430 seed, a 0.3 particle volume fraction, and a 10 µm
particle diameter. The diameter distribution was set to be constant. The resulting particle
arrangement, and the mentioned settings, can be observed in Figure 3.
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Mesh-wise, we chose a conformal and periodic meshing without imposing a maximum
size for its elements. Our choice for anisotropy was orthotropic and we computed a
linear elasticity property without the need for coefficients of thermal expansion or thermal
conductivity. We used the periodic boundary conditions option for our analyses and chose
a constant material type of solver, which we generically named PMMA. The software
computed a Young’s modulus of 3255.3 MPa on XY, 2725.4 MPa on YZ, and 2718.2 MPa on
XZ. We obtained a Poisson’s ratio of 0.38701 in XY, 0.39117 in YZ, and 0.41716 in XZ. The
density was reported as 1.4066 × 10−9 t mm−3 (Figure 4).
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obtained.

The newly designed material needed for finite element analyses was imported into
the Engineering Data section of a Static Structural type of analysis. In order to obtain
a fracture direction, the sample was designed with the same geometric dimensions as
the ones specified by standards in a 3D software solution (Siemens SolidEdge academic,
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Siemens, Munich, Germany) and used inside experimental tensile tests. Based on the results
of the tensile tests, we designed a pre-crack about the same height as the area where the
fracture appeared after tensile testing. The 3D model was later translated into a Parasolid
file that was easily interpreted by the software.

By reading the internal library, namely Engineering Data, we were able to assign the
newly created material to the imported geometry. Because of the complexity of this process,
we used a virtual topology tool based on an edge mapping type of behavior. Our choice for
predicting a crack direction was to use the SMART crack growth tool available in Ansys.
This was suitable for our setup because crack growth simulation expands in homogenous
environments, which was the case for our specimen. The criterion is in fact a rate of energy
release type of method, which uses stress intensity factors (SIFs) for assessments. We chose
a static crack type of growth, which calculates the extension of each front node of the crack.
We had to generate a new coordinate system specific to the crack itself, where the X points
to the direction of propagation and the Y sits almost normal to its upper face. Mesh-wise,
we imposed a patch conforming method that uses quadratic element orders and a face
meshing method for both of the crack’s faces with an element size of just 0.25 mm, as the
mesh general settings were set to 0.5 mm with an aggressive mechanical type of error limits
assessment. That resulted in 9590 elements and 18,210 nodes (Figure 3). The fracture tool
included a pre-meshed crack with six solution contours and the SMART crack growth tool
was set to be static. The chosen option for failure criteria was a stress intensity factor with a
critical rate of 100 MPa·mm(0.5). The analysis settings received a 0.001 sec end time defined
by ten sub-steps. Conditions were set in the form of a fixed support on the lower face of
the sample and a force solicitation on the upper face (Figure 4).

Equivalent elastic strain registers showed values a little over 0.008 mm/mm (Figure 5a),
as the propagation direction was similar to the one observed in our tested samples and the
equivalent stress, evaluated by means of von Mises criteria, reached 1634.8 MPa along the
fracture line (see Figure 5b). The analysis was stopped just before the body was separated.
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2.5. The Statistical Analysis

For the statistical data analysis, Stata 16.1 software (StataCorp, College Station, TX,
USA) was used. The one-way ANOVA analysis was employed to check if there were
statistical differences in terms of surface roughness, hardness, and tensile parameters across
the three types of resins used. Furthermore, the Bonferroni multiple comparison test was
used to check where the statistically significant difference lay by zooming in on each of the
possible paired samples. The statistical analysis was carried out with a significance level of
p < 0.05.
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3. Results
3.1. Evaluation of the Roughness Parameters

The findings from the statistical analysis for the compared roughness parameters are
shown in Table 2.

Table 2. The roughness parameter values for the studied samples.

Group Number of Samples
Mean Values ± Standard Deviation

Ra before Finishing
and Polishing [µm]

Ra after Finishing and
Polishing [µm]

∆Ra
[µm]

Heat cured 10 0.239 ± 0.024 0.037 ± 0.008 0.201 ± 0.022

CAD/CAM milled 10 0.267 ± 0.044 0.046 ± 0.011 0.221 ± 0.035

3D printed 10 0.494 ± 0.028 0.050 ± 0.007 0.445 ± 0.027

F(df) 177.24 (2,27) 5.33 (2.27) 224.11 (2.27)

p-value 0.000 0.0112 0.000

A one-way ANOVA was used. The significance level was established at 5%.

The results of the roughness coefficients before finishing and polishing revealed a
statistically significant difference between the three groups (p < 0.001). However, the
Bonferroni multiple comparison test indicated that only the 3D printed samples were, on
average, different compared to the other two groups (p < 0.001). As is also displayed in
Figure 6, on average, the heat-cured sample displayed the lowest roughness coefficients.
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As expected, after polishing and finishing, the average roughness coefficients dropped
in all three methods, with the heat-cured sample still reporting, on average, the lowest
coefficients. The ANOVA confirmed that there was still a statistically significant difference
in roughness between the groups (p = 0.0112). Nonetheless, the difference is only significant
between the 3D printed and the heat-cured samples, as indicated by the Bonferroni test
(p = 0.011). Finally, when investigating the differences in terms of averages across the study
groups, the results confirmed a significant difference between them (p < 0.001).

3.2. Evaluation of the Vickers Hardness

At a magnification of 400:1, Figure 7a–c illustrates the indentations produced by the
indenter on the surface of the samples subjected to Vickers hardness analyses.
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Figure 7. The impressions of the penetrator on the surface of the samples: (a) Group 1.2—Sample 3
heat-cured; (b) Group 2.2—Sample 2 CAD/CAM milled; (c) Group 3.2—Sample 8 3D printed.

The average values of the determinations are presented in Table 3, with the 3D printed
sample reporting, on average, the smallest HV coefficients.

Table 3. Vickers hardness values for the studied samples.

Group Number of Samples
Mean Values ± Standard Deviation

Vickers Hardness HV

Heat cured 10 20.257 ± 0.854
CAD/CAM milled 10 22.301 ± 1.115
3D printed 10 13.853 ± 0.586
F(df) 251.63(2.27)
p-value 0.000

A one-way ANOVA was used. The significance level was established at 5%.

When looking at the distribution of our samples, the CAD/CAM milled sample clearly
displays, on average, the highest Vickers. At the other end lies the 3D printed sample, with
the lowest values (Figure 8).
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Figure 8. Box plot of Vickers hardness values by resin used.

The one-way ANOVA test revealed that the surface hardness depends on the type of
resin used determine [F(2.27) = 251.63, p < 0.001]. According to the Bonferroni multiple
comparison test, there was a statistically significant difference in the mean values of the
HV coefficients for all potentially matched samples (p < 0.001).
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3.3. Evaluation of the Tensile Parameters

The average values of the modulus and tensile stress at yield obtained by the tensile
test are shown in Table 4.

Table 4. The average values of the mechanical characteristics of the experimental samples obtained
by tensile tests.

Group Number of Samples
Mean Values ± Standard Deviation

Modulus (Segment
0.0005–0.0025 mm/mm) [MPa]

Tensile Stress at Yield
(Offset 0.5%) [MPa]

Heat cured 10 2805.779 ± 245.604 37.575 ± 1.272
CAD/CAM milled 10 2930.298 ± 32.013 41.188 ± 3.449
3D printed 10 2106.551 ± 16.663 30.642 ± 1.501
F(df) 95.98(2.27) 54.66(2.27)
p-value 0.000 0.000

A one-way ANOVA was used. The significance level was established at 5%.

According to the descriptive results, the CAD/CAM samples group displayed greater
modulus coefficients, as well as higher tensile stress parameters (Table 4 and Figure 9).
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The one-way ANOVA also revealed a significant difference (p < 0.001) in the mechani-
cal characteristics between the three groups (p < 0.001). Zooming in to each of the possible
pairs, the Bonferroni test revealed that, when it comes to the modulus coefficient, only the
3D printed samples were, on average, different from the other two samples (p < 0.0001).
However, when looking at the tensile strength parameter, a statistically significant differ-
ence between the mean values was confirmed for all three possible paired samples.

3.4. Finite Element Method (FEM) Analysis

The contours of the samples showed that the critical points were at the ends of
the fracture line and all along its length as the crack propagated. This type of result
(Figure 10 a,b) is similar to the one observed in a real-life specimen that was subjected to a
tensile test.
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4. Discussion

Based on the findings of this research, there were significant differences between
the sample groups for all the characteristics investigated, indicating that the study’s null
hypothesis was rejected. Although 3D-printed samples recorded the highest surface rough-
ness, heat-cured samples and CAD/CAM milled samples showed the lowest Ra coefficients,
both before and after polishing. This discrepancy could be related to the manufacturing
process of pre-polymerized resin blocks in subtractive technologies, as well as the reduced
degree of polymerization in 3D printing.

Similar results were obtained by Helal et al. [28], who found significant differences be-
tween the tested denture base resins (3D-printed, CAD/CAM milled resin, and polyamide
flexible resins). These findings are also supported by those obtained by the authors Zeidan
et al. [29]. In contrast, Srinivasan et al. [18] demonstrated that the surface roughness of
milled and rapidly prototyped resins was similar.

Srinivasan et al. [4] conducted a study in which the surface roughness of CAD/CAM
milled and rapidly prototyped/3D-printed resins utilized in the fabrication of complete
dentures was evaluated using a high-resolution white light non-contact laser profilome-
ter (CyberSCAN CT 100, Cyber technologies, Eching-Dietersheim, Germany). Based on
their findings, the authors concluded that both types of resins exhibited similar levels of
surface roughness.

Contact testers, such as stylus profilometers, directly measure the height of surface
irregularities and can provide highly accurate results. However, they can cause damage to
delicate surfaces, are sensitive to vibrations, and require a high level of operator skill to use
properly. On the other hand, non-contact testers, such as laser and optical profilometers, are
non-invasive, can measure surface roughness at high speeds, are able to measure smaller
asperity than contact types, allow for simultaneous observations of surface images and
height profiles (microscope type), and are able to acquire high-definition, fully focused
images that rival those of SEMs (color 3D laser microscopes) [30]. However, they can be
more expensive, require complex alignment procedures, the measurement area is limited,
and they are used for in-situ measurements [31].

The most significant effect of finishing on the micrometric profile was observed on 3D-
printed (∆Ra = 0.445 ± 0.027 µm) sample surfaces, whereas the impact was comparable in
the CAD/CAM milled and heat-cured samples. Even though polishing improved the sam-
ples, they remained in the same order, with the 3D sample having the highest coefficients.
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In research conducted by Freitas et al. [32], the surface properties of milled dentures
were found to be comparable to those of heat-polymerized denture base resins, but with
reduced Candida albicans adhesion. According to other authors, even after proper finishing
and polishing and long-term thermocyclic aging, traditional complete dentures were
associated with greater Candida adhesion than CAD/CAM milled prostheses.

Al Moaleem et al. [33] and Ramage et al. [34] reached the conclusion that superior
denture surface characteristics, such as porosity and surface roughness, contribute to a
reduction in microbial Candida adherence, lowering the incidence of denture stomatitis.

In their research, Paolone et al. [35] emphasize the importance of denture surface
quality in reducing bacterial plaque adherence and determining superior esthetics and
excellent clinical results.

Regarding the mechanical parameter of hardness and tensile parameters, there were
statistically significant differences between the groups.

Vickers hardness measurements revealed elevated values for the CAD/CAM milled
experimental samples and the lowest values for the 3D-printed samples. The conventional
heat-cured resin group recorded an average hardness value. Comparable findings were
revealed in recent studies [6,36].

The one-way ANOVA revealed a significant p-value when examining the statistical
differences between the mean modulus and tensile stress values of the three groups (p 0.001).
Comparing each of the potential pairs, the Bonferroni test revealed that, in terms of the
modulus coefficient, only the 3D-printed samples differed from the other two on average
(p 0.0001). However, when examining tensile stress, a statistically significant difference
between the mean values was confirmed for all three potential matched samples.

The internal structures of materials determine their mechanical qualities, such as
hardness and flexural strength [33]. CAD/CAM milled polymers have a higher flexural
strength than denture bases that are manufactured with compression molding, according
to studies [30].

According to Srinivasan et al. [8], milled resins have a higher ultimate strength, tough-
ness, and elastic modulus than printed resins, whereas Al-Dwairi et al. [11] found that
CAD/CAM milled denture base resins have a considerable advantage in surface wettability,
surface roughness, and surface hardness.

Many studies have indicated that milled removable dentures demonstrate greater flex-
ural strength, flexural modulus, and impact strength than typical heat-cured groups [37–42],
as well as superior surface qualities compared to 3D-printed and conventional ones.

Acrylic resins for rapidly prototyped removable dentures have a poor double-bond
conversion compared to standard heat-curing resins, which can impact their mechanical
qualities. Unlike CAD/CAM milled resins, high pressure promotes the creation of longer
polymer chains and can decide a greater degree of monomer conversion [37–44]. The
lower characteristics of 3D-printed resin may also be attributed to the processing technique
used, such as light polymerization and printing methods (e.g., the layering technique and
printing orientation) and parameters.

Steinmassl et al. [45] obtained contradictory results, indicating that digital dentures
do not generally have a higher fracture resistance compared to conventional prostheses
made of self-curing or heat-curing resins. All CAD/CAM milled denture base resins
have greater elastic moduli than heat- or self-curing resins. The fracture surface analyses
imply that the microstructure of the resin, as opposed to the polymer chain length, which
would be affected by the curing technique, may be accountable for the differing mechanical
properties. They believe the changes in mechanical properties are due to the composition
of the resin rather than the industrial procedure used [46].

According to the literature, CAD/CAM milled dentures have a superior fit and greater
surface qualities and mechanical properties compared to traditional heat-polymerized
dentures. Nonetheless, removable dentures that are fabricated with heat-cured resins
remain a viable alternative since the mechanical characteristics and surface quality of these
materials allow the manufacture of clinically well-tolerated prostheses. Being in direct
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contact with the oral tissues, all the new materials must be accurately tuned to fit the
requirements and usage conditions [47].

The FEA software predicted the correct propagation direction and offered valuable
information in a graphical manner, which can be used for future research. However,
the authors acknowledge the need for further refinement since our material mechanical
properties may be different depending on the producer’s manufacturing process.

Due to the lack of proper understanding regarding the biomechanical principles of the
materials involved in restorative procedures, many detrimental effects resulted, causing
restorative failures. Therefore, in order to know the behavior of the materials and dental
tissues, biomechanical studies are very crucial [6,7].

The limitations of the current research were the lack of denture base materials, the
absence of oral condition simulations, and that the samples were not aged by thermocycling.
Given these constraints, further in vitro and in vivo studies are required.

5. Conclusions

The study was based on three different groups of specimens which gave us 90 samples
to test. Every ten samples had two more that were used for validation purposes. Each
sample proved consistent within limits, thus proving our results. Out of the three samples,
the 3D-printed samples experienced the lowest surface quality in terms of surface finishing
and structural integrity. CAD-CAM milled and heat-cured resins have comparable rough-
ness parameters; however, the milled samples exhibited better mechanical properties than
conventional and 3D-printed resins.

Finite element analyses predicted similar behaviors in terms of crack propagation,
as real-life samples showed similar results if the concentrator was placed in the same
area. Statistically, ANOVA highlighted different values for the 3D-printed samples, on
average, compared to the others. Despite the advantages of CAD/CAM milling tech-
nology, heat-cured resins continue to be a feasible option since their surface quality and
mechanical properties allow the fabrication of satisfactorily removable dentures with long-
term durability.

Although 3D-printed removable dentures can be successfully used as a provisional
or emergency therapeutic solutions, further refinement is still required in order to make
them suitable for prosthetic constructions with great longevity over time. The authors
acknowledge the need for further refinement of the results and a wider research base.
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Abstract: For reduced mechanical stress, some chains with links made of metallic materials could be
replaced by chains made of polymeric materials. A lower weight and a higher corrosion resistance
would characterize such chains. From this point of view, research on the behavior of chain links made
of polymeric materials under the action of tensile stresses can become important. Modeling by the
finite element method highlighted some specific aspects of the behavior of a chain link subjected
to tensile stresses. Later, we resorted to the manufacture by 3D printing of some chain links from
four distinct polymeric materials, with the modification of the size of the chain link and, respectively,
of the values of some of the input factors in the 3D printing process. The tensile strength of the
chain links was determined using specialized equipment. The experimental results were processed
mathematically to determine some empirical mathematical models that highlight the influence of
the values of the input factors in the 3D printing process on the tensile strength of the samples in the
form of chain links. It thus became possible to compare the results obtained for the four polymeric
materials considered and identify the polymeric material that provides the highest tensile strength
of the sample in the form of a chain link. The results of the experimental research showed that the
highest mechanical resistance was obtained in the case of the links made of polyethylene terephthalate
glycol (PETG). According to experimental results, when tested under identical conditions, PETG links
can break for a force value of 40.9 N. In comparison, polylactic acid links will break for a force value
of 4.70 N. Links printed in the horizontal position were almost 9-fold stronger than those printed
in the vertical position. Under the same test conditions, according to the determined empirical
mathematical models, PETG links printed in a horizontal position will break for a force of 300.8 N,
while links printed in a vertical position will break for force values of 35.8 N.

Keywords: chain link; polymers; tensile testing; influence factors; empirical mathematical models

1. Introduction

The chain link is a component of the chain. In turn, the chain is a string of links
assembled consecutively between them and which is used to materialize some tying,
suspension, tensile, etc., operations. The previous definition of a chain also highlights its
main possibilities of use or the stress it is subjected to.

In its simplest form, a chain link is shaped similar to a ring deformed to reduce the
width of the chain link and, thus, of the chain. The material and dimensions of a chain link
in a cross-section are usually determined considering the mechanical stresses to which the
chain composed of links will be subjected.

The classification of chain links can be carried out taking into account the shape of the
chain links (circular or oval), the destination of the chain (for limiting the movements of
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an object or animal, for suspending or towing an object or an assembly/subassembly, for
increasing the towing capacity of tires (in the case of anti-skid chains)), etc.

Given the chains’ relatively high tensile stress values, their links are made of metallic
materials, mainly steel. The need to reduce the chains’ weight, especially when the me-
chanical stresses are somewhat lower, has led to the research and use of chain links made
of plastic or composite materials.

Plastic materials are non-metallic materials with an amorphous structure obtained by
melting together several constituents, such as resins, plasticizers, dyes, lubricants, fillers,
or auxiliary materials. These materials are characterized by the possibility of being easily
shaped, thanks to good plasticity, at temperatures usually between 140 and 180 ◦C. On
the other hand, composite materials include a metallic or non-metallic mass and are rein-
forced with resistance elements from the category of short or very short fibers, long fibers,
fabrics, felt, etc.

Plastic or polymer matrix composite chain links are lighter than metal chain links and
have higher corrosion resistance. Consistent with the general properties of plastics, such
materials are thermally and electrically insulating [1,2].

Suppose the production of chain links from metallic materials is based on bending a
workpiece originally as a bar or wire. In that case, the chain links from plastic or composite
materials can be obtained through specific processes, such as injection and 3D printing.

The expansion in the last decades of 3D printing processes has facilitated the de-
velopment of some research on the properties required by the uses of chains with chain
links made of plastic materials or composite materials with polymer matrix made even by
3D printing.

Thus, the possibilities of direct manufacturing through 3D printing of interconnected
moving parts in the category of which interconnected chain links are also highlighted
by researchers [3–5].

Chains with links having more complicated shapes were made by 3D printing (SLM)
and studied by Venes et al. [6]. The material of the chain links was an alloy containing
titanium, aluminum, and vanadium. It was found that it is possible to ensure a clearance
between two moving surfaces of 150 µm.

Wójcicki et al. designed and built a stand for the wear testing of the chain links of the
scraper conveyor [7]. A simplified stand prototype was materialized using 3D printing of
its components.

The possibility of making chain links from lightweight material through additive
manufacturing was highlighted [5,8]. Chains of this type can be used in the mining
industry to reduce the weight of some equipment.

A theoretical and experimental analysis of the stress generated in metal chain links
under different operating conditions was carried out by Mešić et al. [9]. They considered
stress analysis for different chain link positions during mechanical loading.

The possibilities of manufacturing some objects from ceramic materials with polymeric
matrix and including some chain links from such materials were investigated by Román-
Manso et al. They resorted to 3D printing with microwave-activated polymerization [10].

3D printing of polymer link chains for dog harnesses was addressed by Woodman [11].
He produced a report outlining the possibilities of using 3D printing to create objects that
could improve the living conditions of pets or laboratory animals. He thus analyzed the
situation of the use of chain links made of plastic materials, appreciating that the plastic
material of the links must be hard enough so that the animals do not swallow the particles
detached from the links as a result of use and harm their health.

The finite element method was used by Noguchi et al. for a static stress study in
the case of a link plate of a roller chain [12]. The study also aimed at identifying some
possibilities for reducing the weight of the chain.

Researching the behavior of ship mooring chains on shore has been an important
objective for different groups of researchers [13–26]. The static, dynamic, and fatigue
stresses occurring in the chain links for different operating conditions were thus highlighted.
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The values of some input factors in the additive manufacturing process are expected
to influence the physical-mechanical properties of the materials of the parts manufactured
by such processes [8,9,27].

The problem of manufacturing chain links from polymeric materials was an objective
also addressed in various invention patents [28–30].

From those mentioned above, it can be seen that until now, the research related to
the chain links made of metallic and non-metallic materials has focused on the establish-
ment of the dimensions of these chain links [1,7,31–33], the efforts generated in the chain
links during operation [8,18,25,26,31], the modeling by the finite element method or by
other methods of the stresses and deformations from chain links during their mechanical
loading [9,12–15,18,19], investigating the fatigue behavior of chain links [20–22].

It was found that there is relatively little information on the behavior of chain links
from polymeric materials manufactured by 3D printing when these chain links are sub-
jected to tensile stress. It is necessary to mention that in the category of chains made of
metallic materials that could be replaced by links made of polymers or chains with links
made of polymeric materials, some chains for ornaments of monuments, chains for sus-
pending some objects of religious worship, chains of ornaments, chains for leashes used to
tie dogs, etc.

The authors of this paper are unaware of results obtained by other researchers regard-
ing the influence exerted by the dimensions of polymer material beads and the factors
that characterize the manufacturing conditions of beads by 3D printing on the tensile
strength of beads. For low mechanical loads, link chains made of polymeric materials could
be characterized by lower mass and superior corrosion resistance. Such chains could be
made directly by 3D printing without the need for an assembly operation of separately
manufactured chain links.

The finite element method was used to obtain additional information regarding the
behavior of the chain links during their tensile testing. In the framework of this paper, the
main aspects related to oval-shaped rings manufactured by 3D printing processes from
polymeric materials will be briefly analyzed. The conditions for conducting the tensile tests
of the 3D printed polymer materials and the obtained experimental results will be presented
in the next chapter. Afterward, the emphasis will be on the mathematical processing of
the experimental results and the identification, as such, of some empirical mathematical
models that characterize the tensile behavior of chain links made of polymeric materials and,
respectively, of a composite material with a polymeric matrix. The analysis of the empirical
mathematical models will have to allow the formulation of some observations regarding
the meaning of variation and the intensity of the influence exerted on the maximum
force supported by the chain links when the sizes of the input factors in the investigated
process change.

2. Materials and Methods
2.1. The Mechanical Loading of a Chain Link

As mentioned, the chain link is shaped similar to an ovalized ring, with a cross-section
through the ring usually revealing a circular shape. During operation, static or dynamic
stretching, compression, bending, and torsional stresses can occur in different areas of the
chain link.

From the point of view of most uses of the chain link, its tensile strength is of particular
interest. However, even during a tensile test, different areas of the chain link may be affected
by other categories of stress.

In principle, the tensile testing of the chain link involves using hooks or bolts whose
ends are inserted into the gap of the chain link and through which tensile stress is generated
in the lateral areas (Figure 1).
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Figure 1. Way to clamp the chain link on the tensile test machine, using two bolts.

The mentioned stress can have a static character. Compressive and crushing stress
occurs in the contact areas of the chain link with the two bolts. Bending efforts occur near
the contact between the chain link and the bolts through which the chain links are subjected
to mechanical stresses. Torsional stresses will still appear in chain links if a twisted chain is
considered. Still, there are situations when the loading can also be cyclical, which requires
some research on the fatigue resistance of the chain links.

The manufacture of chains from oval-shaped metal chain links may involve operations
of cutting straight segments from wire or bar, heating, and descaling, and one or more
bending operations, with the eventual joining of chain links, butt welding, shot blasting,
marking, thermal treatment, application of surface protection operations, etc. [26]. Chain
manufacturing technology also includes some operations to inspect and test the quality
of products in different phases of the manufacturing process. Stretch testing and impact
testing are such chain quality control operations.

Chain links can be made of polymer or matrix composite materials for low or
moderate loads. Thus, chain links can be manufactured by injection molding. As
mentioned, the expansion in the last decades of 3D printing processes led, among
other results, to ensure the conditions for manufacturing chain links from polymer
materials or composite materials with a polymer matrix through additive manufacturing
processes. The possibility of changing the values of some parameters specific to the
manufacturing conditions of the chain links through 3D printing processes facilitates a
deeper investigation of the factors capable of influencing the behavior of the chain link
during their operation.

Fused deposition modeling is one of the most widespread groups of techniques that
can be used to manufacture parts from polymer materials through 3D printing. In this case,
the material of a polymer wire is melted and then deposited to make up the successive
layers of material of a particular part. Let us note that fused deposition modeling or 3D
printing, in general, can provide conditions for manufacturing the assembled chain links
from the beginning so that the chain can be directly obtained.

An improvement in the behavior of chains made of non-metallic materials becomes
possible through composite materials with a polymer matrix, in which case the use of certain
reinforcement materials could contribute to a significant improvement in the behavior of
the chains during their exploitation.

Suppose the manufacture of chain links by fused deposition modeling is considered.
In that case, the main groups of factors capable of affecting the behavior of the chain links
or chains during their use are the following:
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• The sizes and shapes of the chain links;
• The nature and physical-mechanical properties of the polymer material or the compos-

ite material with a polymer matrix;
• Some parameters that characterize the conditions for carrying out the 3D printing process;
• The way to load chain links, the nature of these loads, etc.

It is interesting to study the extent to which some of the previously mentioned factors
or groups of factors influence the mechanical strength characteristics of chain links made of
polymer materials or polymer matrix composite materials.

2.2. Finite Element Modeling of the Behavior of a Plastic or Composite Chain Link

A chain link with the shape and dimensions indicated in Figure 2 was considered. One
criterion considered when determining the geometry and dimensions of the 3D printed
and tensile-tested chain links was to approximate the dimensions and geometry of existing
chain links in practice. Since it was also intended to highlight the influence exerted by the
size of the diameter of the za element on the tensile behavior, we resorted to the use of
two such diameters, with values close to those existing in the case of some chains encoun-
tered in practice.
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Figure 2. Dimensions of the chain link proposed to be tested.

As a matter of choice, the finite element method (FEM) is to obtain a similar crack
pattern as one from the experimental tests. This would give insight into stress distribution
just before the crack extends on the whole part length and the fracture occurs. For this
purpose, it had to design a similar model with one of the eight test samples used in the
experimental tests. It had chosen sample 1 with a 30% infill (see Figure 3a). This option is
because sample 1 is printed vertically (see Table 2), making it more difficult to print and
analyze than its horizontal peers. The E-moduli obtained using the fused deposition model-
ing (FDM) printing process is lower than that provided by the manufacturer and depends
on the printing direction. Six samples of Ultrafuse ABS-type filament manufactured by
BASF (Ludwigshafen, Germany) on Instron 4411 equipment were printed for analyses to be
as accurate as possible and tested. It carries a 5 kN load cell with a 5 mm/sec testing speed.
The room temperature was 22 ◦C with a 60% humidity level. It resulted in an E-modulus
mean value of 558 MPa. The manufacturer lists in the filament’s technical data sheet (TDS)
1608 MPa on ZX direction of printing [34], whereas the Ansys library uses 1628 MPa. The
measured value was used inside Engineering Data, Ansys’s library of materials. The infill
model was replicated in a 3D model and later translated into a Parasolid file for analysis
(see Figure 3b).
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The 3D model also received a crack initiation model because the FEM analyses are
based on the prediction of crack propagation using Ansys’s SMART Crack Growth, which
relies on the energy release rate method. It has opted for the stress intensity factor as
the desired fracture criterion inside a static crack growth mechanism. This one predicts
a pre-existing crack growth when certain loading conditions are met. The algorithm
calculates the maximum stress intensity factor of the crack’s front nodes, and if it exceeds
the specified criterion, the crack is set to grow. The critical rate was set to 100 MPa mm1/2,
which will not stop on maximum crack extension. The body was assigned an ABS type
of material retrieved from the software’s library. It has imposed a virtual topology that
uses the edges-only type of behavior. Mesh controls use a patch-conforming method with
quadratic element order set for the entire chain link body and a face sizing of 0.15 mm
for the two faces of the pre-existing designed crack. Element size was set to 0.25 mm
for the entire mesh, with an aggressive mechanical method set for whenever error limits
are encountered during analyses. That gave almost 80.000 elements and more than
140,000 nodes (see Figure 4a). The pre-meshed crack was designed to occur before the
infill pattern, thus giving us the opportunity to set the front, top and bottom nodes using
named selection. As experimental tests revealed in the case of sample 1 the crack initiates
at the beginning of the semi-circular top section of the chain link. After several trial and
error attempts, it has chosen 6 solution contours and imposed a new Coordinate System
set for the crack only for the algorithm to work properly. This system has the X axis set
in the direction of the crack extension as the Y sits almost normal on its geometry (see
Figure 4b). Conditions use a fixed support for the lower section of the chain link and a
force value imposed on the upper section of the chain link in the Z+ direction of the Global
Coordinate System (see Figure 4c). Analyses settings are set to 0.00001 sec end step time
divided into ten sub-steps.

Just before separation, the value of force required by the software to generate crack
growth was 54 N which is close to that registered in the case of sample 1 made of ABS.
(Table 2). The difference may come from the fact that the 3D model uses an ideal type of
homogeneity, whereas the printed sample suffers from this perspective. It has resulted in
15.025 MPa registered for the equivalent stress evaluated using Von-Mises criteria. The
graphical representation shows a distribution along the fracture line with its ends colored
in red (see Figure 5a). Equivalent elastic strain peaks at 0.042454 mm/mm, showing that
the chain link takes the force solicitation and tries to overcome it by distributing it along its
length (see Figure 5b). Finally, it has attached a real-life photo of cracked sample 1 after the
experimental test. It can observe a similar direction of propagation as that obtained for the
pre-designed crack (Figure 5c).
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SMART crack growth produces a result similar to that obtained using experimental
tests. Before the body gets separated, stress and strain distribution is very useful infor-
mation for future research, which would consider optimization using 3D printing setup
and design. However, results should be used carefully. Further refinement is necessary,
considering a finer mesh, more contour plots, or another type of crack growth assessment
with an arbitrary or surface-based crack.

2.3. Experimental Conditions

The objective pursued through the experimental research was to highlight the influence
exerted by the nature of some polymer materials used for manufacturing chain links, some
dimensions of the chain links, and some factors that characterize the conditions of 3D
printing of chain links.

Four materials were considered, namely: acrylonitrile butadiene styrene (ABS, Kimya,
Nantes, France), acrylonitrile butadiene styrene-Kevlar composite material (ABS-K), poly-
lactic acid (PLA), and polyethylene terephthalate glycol (PETG) (Prusa, Prague, Czech
Republic). Information on some of the properties of these materials has been listed
in Table 1.

Table 1. Some properties of the materials used in the case of tensile-tested beams.

Properties ABS ABS-Kevlar PLA PETG

Tensile modulus [GPa] 1.6815
(ISO 527)

1.775
(ISO 527)

2.3
(ASTM D638—Type V)

1.6 ± 0.1
(ISO 527-1—vertical XZ)

Tensile strength [GPa] 0.0436
(ISO 527—at yield)

0.0311
(ISO 527—at yield)

0.0359
(ASTM D638—Type V—at yield)

0.05
(ISO 527-1—vertical XZ)

Elongation 3.5 %
(ISO 527—at yield)

2.3 %
(ISO 527—tensile

strength)

2 %
(ASTM D638—Type V—at yield)

5.1 %
(ISO 527-1—at yield)

Hardness 97
(Shore A)

65.2
(Shore D)

95
(Shore D)

74
(Shore D)

The chain links were manufactured by 3D printing on a Prusa i3MK3S equipment
made in the Czech Republic. The values of some input factors in the 3D printing process
have been established, as shown next. The values of the printing speed v, the thickness t
of the deposited layer, and those of the infill density i were entered into the 3D printing
program. As far as possible, consideration was given to the use of the same input factor
values for the experiments performed on each of the four materials from which the chain
links test samples were manufactured. Instead, for the printer plate temperature θp and the
extrusion temperature θe, a rewrite of the 3D printing program was required.

The equipment used to determine the mechanical strength of the beads was a tensile
testing machine type LRX Plus (Lloyd Instrument Ltd., An AMETEK Company, Hampshire,
UK). It uses XLC-5000-Al type of load cell up to 5 kN with a precision of 0.5% according to
ASTM E4 and DIN 1221. Data acquisition was made by using equipment’s NEXIGEN Data
Analysis software (ver. 3.0) solution.

The components involved in the experimental research can be seen in Figure 6.

Table 2. Conditions for performing experimental tests and results of tensile tests.

Part/
Exp
no.

Values of the Input Factors Values of the Output Parameter
(Maximum Force F, N)

Chain
Link

Diameter,
d, mm

Printing
Speed,

v, mm/s

Layer
Thick-
ness, t,

mm

Infill
Density,

i, %

Temperature
Build Plate,

θp, ◦C

Extrusion
Tempera-
ture, θe,

◦C

Printing
Position,

p
ABS ABS-K PLA PETG

1 3 80 0.2 30 90 245 1 53.809 51.415 4.7005 40.96
2 3 80 0.2 60 110 265 2 350.23 216.41 235.7 414.93



Polymers 2023, 15, 3178 9 of 19

Table 2. Cont.

Part/
Exp
no.

Values of the Input Factors Values of the Output Parameter
(Maximum Force F, N)

Chain
Link

Diameter,
d, mm

Printing
Speed,

v, mm/s

Layer
Thick-
ness, t,

mm

Infill
Density,

i, %

Temperature
Build Plate,

θp, ◦C

Extrusion
Tempera-
ture, θe,

◦C

Printing
Position,

p
ABS ABS-K PLA PETG

3 3 120 0.3 30 90 265 2 459.45 94.09 252.02 414.3
4 3 120 0.3 60 110 245 1 54.519 47.876 302.2 16.923
5 4 80 0.3 30 110 245 2 435.48 208.47 403.73 273.56
6 4 80 0.3 60 90 265 1 120.03 124.44 121.78 80.394
7 4 120 0.2 30 110 265 1 150.47 113.51 141.96 103.43
8 4 120 0.2 60 90 245 2 289.04 233.66 257.23 612.66

Printing position: p = 1 for vertical position; p = 2 for horizontal position.
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Clamping of the bars to the tensile testing machine was carried out using 2 bolts (Figure 7).
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The deformation rate of the specimens during the tensile test was 6 mm/min. The
LRX Plus Universal Tensile Testing Machine can obtain the force–deformation diagram and
all related numerical information directly.

To obtain as complete information as possible regarding the factors that influence
the tensile behavior of the chain links manufactured by 3D printing, they resorted to
using a Taguchi fractional factorial experiment of type L8 (28–1), with 7 input factors at
two variation levels. Each type of material received an additional sample for testing pur-
poses to proof our L8-1 plan. Such an experimental program also ensures a certain reduction
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in the number of experimental tests necessary to be performed without the precision of the
established empirical mathematical model being significantly affected [35,36].

The 7 input factors considered were the chain link diameter (dmin = 3 mm, dmax = 4 mm),
printing speed (vmin = 80 mm/s, vmax = 120 mm/s), layer thickness (tmin = 0.2 mm,
tmax = 0.3 mm), infill density (imin = 30%, imax = 60%), build plate temperature (θpmin = 90◦,
θpmax = 110◦), extrusion temperature (θemin = 25 ◦C, θemax = 265 ◦C and, respectively, the
way of specimen placement during the 3D printing process (code 1 for vertical printing
and code 2 for horizontal printing).

Experimental research has shown that the duration of the printing process of a verti-
cally placed specimen is approximately 50% longer than that corresponding to printing
the specimen in a horizontal position. An image made as a screenshot and related to the
vertical or horizontal placement of the chain link in the 3D printing process is shown in
Figure 8. In this image, the support elements generated by the slicer were highlighted using
green color.
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Figure 8. Screenshot showing how to place the printed chain link vertically or horizontally.

The value of the maximum force F at which the initiation of the sample damage
process is highlighted was used as the output parameter. The values of the F forces for
each material and experimental test were determined by analyzing the force–deformation
diagrams generated by the computer program used by the tensile testing machine.

In Figure 9, the aspect of a chain link can be observed before being subjected to the
tensile test and, respectively, after stopping the tensile test.
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In Figure 10, the 32 specimens manufactured by 3D printing from different polymer
materials can be observed after their rupture by the tensile test.
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Figure 10. Images of the 32 links manufactured by 3D printing from 4 different polymer mate-
rials, after breaking them by the tensile test ((a)—ABS links; (b)—ABS-K links; (c)—PLA links;
(d)—PETG links).

Some examples of force–deformation curves made under the conditions of testing the
specimen made of ABS polymer material can be seen in Figure 11.
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Figure 11. Examples of force–deformation curves in the case of links made of ABS polymer material,
corresponding to the 8 experimental tests.

The influence of the diameter d on the magnitude of the maximum force F that
determines the damage of a chain link made of different materials can be seen in Figure 12.
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Figure 12. The influence of the diameter d on the magnitude of the maximum force F that determines
the damage of a chain link made of different materials (v = 80 mm/min, t = 0.2 mm, I = 30%, θp = 90◦,
θe = 245◦, p = 2, corresponding to manufacturing in horizontal position).

The conditions for performing the experimental tests were those mentioned in Table 2.
Each experimental trial was performed only once, so the experimental trials were not
repeated with the same values of the input factors in the 3D printing process. It is mentioned
that the design of the experiment method (used to design the experimental trials whose
experimental results were included in Table 2) was introduced and used to allow obtaining
the maximum information with a minimum of trials [37–40].

The values of the force F determined by analyzing the diagrams corresponding to each
chain link made of the 4 materials considered were entered in the last 4 columns of Table 2.

The experimental results were processed using a computer program based on the least
squares method [41]. The computer program can select the most appropriate empirical
mathematical model from among five models (first-degree polynomial, second-degree
polynomial, power-type function, exponential-type function, hyperbolic-type function).

The selection is made by using Gauss’s criterion value [41,42]. This value of Gauss’s
criterion is determined by taking into account, first of all, the sum of the squares of the
differences between the values of the ordinates corresponding to the use of the proposed
mathematical model and, respectively, the values of the ordinates related to the experimen-
tal results, for the same values of the abscissas. The sum of the squares of the mentioned
differences is related to the difference between the number of experimental trials and the
number of constants in the dependence relationship [41,42]. A lower value of Gauss’s crite-
rion characterizes a better approximation of the experimental results to those calculated
using a certain empirical mathematical model.

Among the 5 empirical mathematical models that can be determined using the men-
tioned computer program, the power-type function was preferred, given its use for the
characterization of other processes or sizes specific to machine manufacturing (for example,
for determining the tool life, cutting force components, and roughness parameters of the
machined surfaces). It is necessary to note that power-type functions are preferred when
it is considered that there is a monotonous variation in the pursued output parameter to
the variation in the input factors in the investigated process. It will be assumed, as such,
that in the situations presented in this paper and for the variation intervals considered,
the seven input factors do not determine the occurrence of maxima or minima of the
value of the force F, and they lead to a monotonous variation in the output parameter.
The selection of a factorial experiment of type L8-27 to arrive at empirical mathematical
models that highlight the influence of different factors on the force F was carried out,
taking into account the simplification of the calculations necessary to identify empirical
mathematical models [43–46].

A monotonic variation, at least for certain ranges of variation in the values of the input
factors in the 3D printing process, was highlighted by the experimental results obtained
by other researchers. Thus, Vanaei et al. considered that changes in the crystallization
mode could explain the variation in ultimate strength of the liquefier temperature and,
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therefore, the material’s microstructure in the sample [47]. For a temperature variation
between 200 and 220 ◦C, they found an increase in ultimate strength in the case of samples
made of polylactic acid. Similar explanations were formulated by Vanaei et al. regarding
the influence exerted on ultimate strength by print speed, support temperature, and layer
height. The influence of different input factors in the 3D printing process on ultimate
strength was investigated by Jackson et al. [48]. They thus considered that increasing
the ultimate strength by modifying the deposition angle could be connected with the
retraction speed. The 3D printed parts with higher retraction speed presented higher
values of the ultimate strength, which means a monotonous variation in the ultimate
strength when the retraction speed is increased. Meram and Sözen appreciated that lower
layer thickness values lead to higher ultimate strength values, ensuring better adhesion
between layers [49]. This means that the two researchers thought there was a monotonous
variation in the ultimate strength when changing the value of the thickness of the deposited
material layer. A contrary result was obtained by Cho et al., which shows that the higher
the thickness of the deposited layer, the higher the mechanical strength of the deposited
material [50]. They, therefore, accept a monotonous variation in the mechanical resistance
of the material of the specimen made by 3D printing by the thickness of the deposited layer.
Müller et al. observed a monotonic variation (an increase) in tensile strength when the infill
density increases [51].

An advantage of using empirical mathematical power-type function models is that
such models provide direct information on the intensity of influence exerted by an input
factor by comparing the value of the exponent attached to that factor in the mathematical
power-type function with the values of other exponents. At the same time, a positive value
of the exponent in question means that for the range of variation investigated, an increase
in the size of the input factor will lead to an increase in the value of the output parame-
ter. In contrast, a negative value of the exponent will cause a decreasing the size of the
output parameter.

The mathematical relationships corresponding to the force F and the values of Gauss’s
coefficients are mentioned next.

Thus, in the case of ABS material, the mathematical relationship was determined: the
value of Gauss’ criterion being SG = 0.115262.

F = 9.436·10−16d1.366v0.0622t0.288
i
−0.322θp

0.471θe
6.588p2.144 (1)

The empirical mathematical model determined for the ABS-K material has the form:

F = 5.166·10−8d2.276v−0.543t−0.571i0.349θp
0.692θe

2.795p1.208 (2)

in this case, Gauss’s criterion being SG = 8.626843·10−3.
For the PLA material, the following form of the empirical mathematical model was

arrived at:
F = 3.973·10−32d2.656v2.424t2.791i1.259θp

5.856θe
6.209p1.993 (3)

the Gauss criterion having, in this case, the value SG = 0.28817645.
For the PETG material, the empirical mathematical model is of the form:

F = 1.158·10−16d2.137v0.106t−1.118i−0.118θp
−1.787θe

8.017p3.071 (4)

the Gauss criterion having, in this case, the value SG = 0.2780781.

3. Discussion

The graphical representations in Figures 12 and 13 were developed using empirical
mathematical models.
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Figure 13. Differences between the maximum force values for the four polymeric materials considered
in the case of manufacture in vertical and horizontal positions, respectively (d = 3 mm, v = 80 mm/min,
t = 0.2 mm, i = 30%, θp = 90 ◦C, θe = 245 ◦C).

The analysis of the experimental results, the empirical mathematical models, and the
graphic representations elaborated on their basis allowed the formulation of the observa-
tions mentioned below.

Examining the empirical mathematical models (Equations (1)–(4)) reveals maintenance
of the same direction of force magnitude variation only when considering the corresponding
diameter d of a cross-section through the chain link and, respectively, the position in which
the chain link was manufactured by 3D printing on the printer table.

As expected, an increase in the diameter d of the cross-section through the chain
link increases the maximum force F (Figure 11). Still, following the initial hypothesis,
manufacturing the chain link in a horizontal position leads to a higher strength of the chain
link and a higher value of the maximum force F. This fact can be explained by the better
behavior of the applied material layers to the stretching stress right along the main stress
direction on the chain link during the tensile test. The continuity of the layers formed by
the gradual deposition of the wire of melted polymeric material leads to an increase in the
tensile strength of the polymer material.

Less expected results were obtained in the case of chain links made of ABS material
with Kevlar when a decrease in the mechanical resistance of the chain links reinforced
with one of the most resistant plastic materials (Kevlar) was observed. The analysis of
the appearance of the broken test samples as a result of tensile stress reveals a certain
separation of the ABS polymer from the Kevlar fibers due to a reduced adhesion between
the two materials. Since the Kevlar fibers are not continuous, it is possible that the low
adhesion between the materials incorporated in the chain link and the discontinuity of the
Kevlar fiber led to the decrease in the mechanical strength of the ABS-K material chain links,
compared to the mechanical strength of the chain links made of ABS material only. It was
also observed that under the conditions considered for the 3D printing process, the ABS-K
type material became brittle, which led to the destruction of the tensile chain link at the
appearance of the first cracks. The lower mechanical strength of the chain links made from
PLA may be due to the 3D printing conditions. The results of the experimental research
showed that the highest mechanical resistance was obtained in the case of the links made
of polyethylene terephthalate glycol (PETG). According to the experimental results, when
tested under identical experimental conditions (experiment no. 1 in Table 2), PETG links
can break for a force value of 40.9 N. In comparison, polylactic acid links will break for a
force value of 4.70 N. Links printed in the horizontal position were almost 9-fold stronger
than those printed in the vertical position. Under the same test conditions (d = 3 mm,
v = 80 mm/s, t = 0.2 mm, I = 30%, θp = 90 ◦C, θe = 245 ◦C, according to the determined
empirical mathematical models, PETG links printed in a horizontal position will break
for a force of 300.8 N, while links printed in a vertical position will break for force values
of 35.8 N.

The chemical compositions of the four polymer materials from which the chain links
were fabricated by 3D printing were different. They involved using different input factor
values in the 3D printing process. To compare the results obtained in the case of using
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these different polymer materials, the chain links need to be printed under the conditions
of using the same values of the input factors in the 3D printing process. In this way, it was
possible that the used values of some of the input factors in the 3D printing process were
not the most suitable for making links with high tensile strength. This aspect could be, for
example, a cause of the relatively low value of the tensile strength determined in the case of
gels made of polylactic acid. These printing conditions were the same for all the polymer
materials from which the plates were made, being established in such a way that, as far as
possible, they corresponded, to a greater or lesser extent, to the valid recommendations for
the manufacture of parts from the respective polymer materials.

According to the determined empirical mathematical models, except for one material
(PETG), the values of the maximum force F increase with the increase in the temperature
θp of the plate on which the chain links were generated. A possible explanation of this
situation could be based on a better adhesion of successively deposited material layers
when the plate temperature θp increases.

It is also found that, except for the ABS-K material, increasing the velocity v leads
to an increase in the maximum force F. It is possible that with increasing the velocity v,
more favorable heat transfer conditions specific to the cooling of the specimen material are
reached and, under these conditions, to achieve better adhesion of successively deposited
layers of material, so at a higher value of the magnitude of the maximum force F.

According to the determined empirical mathematical models, a high influence on
the magnitude of the maximum force F is exerted by the extrusion temperature θe. In all
empirical mathematical models, it was found that the exponents attached to the temper-
ature in the extrusion nozzle have large and positive values. This means an increase in
the extrusion temperature θe will significantly increase the magnitude of the maximum
force F. The findings can be explained by the fact that when the extrusion temperature θe is
increased, there is an increase in the fluidity of the material to be deposited and, as such, a
better connection between layers of material added successively.

A validation test of the determined empirical mathematical models was possible by
conducting experimental tests for other combinations of the values of some input factors in
the 3D printing process. Some such results led to maximum force values close to values
determined using empirical mathematical models.

Some of the results determined in the manner previously described were as follows:

• For an ABS chain link, where the variables took the values d = 4 mm, v = 80 mm/s,
t = 0.2 mm, i = 60%, θp = 90 ◦C, θe = 265◦, p = 2 (printing in horizontal position), the
maximum force F values were 460.84 N for the experimental test and 469 N when
the empirical mathematical model was used. The difference between the two values
is 1.9%.

• For a chain link made of ABS-K, where the variables took the values d = 4 mm,
v = 80 mm/s, t = 0.2 mm, i = 30%, θp = 90 ◦C, θe = 245◦, p = 2 (printing in horizontal
position), the values of the maximum force F were 192.66 N for the experimental
test and 284.21 N when the empirical mathematical model was used. The difference
between the two values is 32.2%.

• For a chain link made of PETG, where the variables took the values d = 4 mm,
v = 80 mm/s, t = 0.2 mm, i = 30%, θp = 90 ◦C, θe = 245◦, p = 2 (printing in hori-
zontal position), the maximum force F values were 564.53 N for the experimental
test and 556.36 N when the empirical mathematical model was used. The difference
between the two values is 1.46%.

Even larger differences were found for other sets of input factor values in the case of
additional experimental tests performed. These differences could be explained by a rather
large dispersion of the experimental results due, for example, to the variation and other
input factors in the 3D printing process and whose values were not followed during the
experimental trials. Large differences between the experimental results and those obtained
using the empirical mathematical model were also observed in the case of chain links made
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of PLA. Such differences could also be generated by the fact that the values of some of the
input factors in the 3D printing process were not suitable for the PLA material.

The highest value of the maximum force F was recorded in the case of the chain link
made of PETG material. It should be noted that the value of the maximum force F is almost
7-fold higher when the chain link is made in a horizontal position compared to that made
in a vertical position. A possible explanation for this was mentioned earlier. PETG polymer
material also has the highest tensile strength, as seen in Table 1.

4. Conclusions

The problem of replacing parts made of metallic materials with parts made of plastic
materials manufactured by 3D printing can also be formulated in the case of chain links. For
reduced mechanical stress, link chains made of polymeric materials have a lower weight
and better corrosion resistance than chains made of metallic materials. It should be noted
that such chains made of polymer materials could be manufactured directly by 3D printing
without assembling separately manufactured chain links. The consultation of specialized
literature highlighted research concerns in such a direction. The research presented in this
article aimed to highlight the influence exerted by some input factors in the 3D printing
process of chain links from four different materials on the tensile behavior of the respective
chain links. The four materials from which the chain links were made were acrylonitrile
butadiene styrene (ABS), the composite material acrylonitrile butadiene styrene-Kevlar
(ABS-K), polylactic acid (PLA) and polyethylene terephthalate glycol (PETG). The ex-
perimental tests were conducted according to the requirements of a fractional factorial
experiment with seven input factors at two levels of variation. The chain link diameter
in a cross-section, printing speed, layer thickness, infill density, the temperature of the
printer table, extrusion temperature, and test sample placement during 3D printing were
considered input factors. Through the mathematical processing of the experimental results,
empirical mathematical power-type function models were determined. These empirical
mathematical models provide information on the direction of variation and the intensity
of the influence exerted by the input factors considered on the maximum force at which
damage to the chain links occurs. The analysis of the experimental results highlighted the
fact that the same directions of action of the input factors were recorded only in the case of
the diameter of the chain link rod and the way of positioning the sample during printing.
As expected, printing the chain link horizontally ensured superior mechanical strength
due to the stress development along the deposited layers, thus characterized by a certain
continuity. The results of the experimental research showed that chain links printed in a
horizontal position are almost 9-fold stronger than chain links printed in a vertical posi-
tion. Under the same test conditions, according to the determined empirical mathematical
models, PETG links printed horizontally will break for a force of 300.8 N. In comparison,
links printed in a vertical position will break for force values of 35.8 N. Polyethylene
terephthalate glycol (PETG) links have proven the highest mechanical resistance among the
materials used. Under the same test conditions, the PETG links broke for a force of 40.6 N,
while the polylactic acid rings broke for values of 4.70 N. In the future, it is intended to
continue the research by considering other materials for the chain links and identifying
more appropriate mathematical and empirical models to illustrate the tensile behavior of
some plastic materials incorporated in the chain links. Another research direction could be
to directly manufacture complete chains with polymer links assembled by the 3D printing
process itself, eliminating the need for an additional operation of assembling separately
manufactured links.
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Abstract: To evaluate the sound insulation capacity of small panels made of polymeric materials by
3D printing, a Taguchi L18-type factorial experiment with eight independent variables was designed
and materialized. The independent variables were the panel thickness, polymer material type, 3D
printing speed, infill percent, infill pattern, layer thickness, frequency, and sound volume. Empirical
mathematical models were determined through the mathematical processing of the experimental
results using specialized software. These empirical mathematical models highlight the meaning
and intensity of the influence exerted by the input factors in the process on the acoustic pressure
level of the energy absorbed after the passage of sounds through the small panels manufactured
by 3D printing from polylactic acid and polyethylene terephthalate glycol. The factor with the
strongest influence was the frequency of the sounds, with a maximum of the sound pressure level for
a frequency of 13,000 Hz. A polylactic acid panel between the sound source and the sound-receiving
sensor reduces the sound pressure level by about 45% from 95.8 to 65.8 dB. The power function
type mathematical model in the case of the energy absorbed by the panel highlights the fact that the
highest values of the exponents are those attached to the sound frequency (exponent equal to 1.616)
and, respectively, to the thickness of the panel (exponent equal to −0.121).

Keywords: sound propagation; polymeric material; small panel; factorial experiment; influencing
factors; empirical mathematical model

1. Introduction

Sounds are vibrations that travel through an elastic medium and can be sensed by the
human ear. This means that the vibrations corresponding to the sounds must have a certain
intensity and, respectively, a certain frequency that makes it possible to sense them via a
membrane in the human ear. Intensity and frequency are two essential characteristics of
sounds, to which, from a musical point of view, duration and timbre are added. Unlike
vibrations co-responsive to sounds, noises are vibrations less desired or agreed upon by
human beings.

In general, sounds have a frequency between 16 Hz and 20 kHz, but it is also possible
for some people to perceive frequencies slightly lower than 16 Hz, just as other people can
perceive sounds with frequencies slightly higher than 20 kHz. With age, the ability of the
human ear to detect sounds characterized by high frequencies decreases.

Using sounds, people can communicate. They can detect the proximity of vehicles,
the presence of other beings, or natural or artificial systems capable of generating or
reflecting sounds.
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It is normal for sounds to be absorbed by different media, as there may be situations
where sounds are amplified.

It is known that sounds propagate at speeds that differ from the constitution of the
environment they travel through. Thus, the sound propagation speed can have distinct
values in different environments. If sounds propagate in the air with speeds of 330–350 m/s,
in water, the sound propagation speed can be 1–4 m/s, while in a steel piece, the sound
speed can have values of 5100 to 5900 m/s. In parts made of solid materials, sounds
propagate through successive elongations and contractions of some areas of the part
(Figure 1).
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Figure 1. Propagation of sounds through a bar with a square section of solid material, highlighted by
the time displacement of some elongations and contractions: (a) bar unaffected by sound propagation;
(b) bar through which elongations and contractions corresponding to the sound are propagated;
(c) time variation of elongations and contractions.

The situation in which the absorption of sound energy by the environment is necessary
occurs mainly when the problem of so-called sound insulation is raised, when technical
measures are taken that are mainly aimed at reducing the intensity of sounds. In such
a case, the problem of identifying and determining the characteristics of materials with
sound insulation properties arises.

The emergence of 3D printing processes has led, among other things, to the need to
evaluate the ability of materials from 3D printed parts to be used as insulating materials
from a sound point of view, and such a problem has been addressed by researchers in the
field of manufacturing parts from polymeric materials by 3D printing.

Thus, Alfarisi et al. (2021) investigated the problem of improving the quality of sounds
in the case of a music box for which some components were made by 3D printing [1]. They
used the finite element method to identify possibilities for improving the materials’ ability
to transmit sounds.

King et al. have addressed the problem of studying the ability of some panels made
by 3D printing to absorb noise using a sound impedance tube [2]. They found that a model
characterized by a micro-perforated design can absorb noises characterized by a frequency
between 100 and 6400 Hz.

Vasina et al. studied the sound absorption properties of open-porous acrylonitrile
butadiene styrene structures manufactured by 3D printing technologies [3]. One of their
conclusions was that the sound absorption properties of the samples made from the
investigated material could be significantly influenced by the type of 3D printing process,
the structure of the material, the frequency of excitation, the thickness of the sample, and
the size of the interstice in the back of the absorbent material panel.

Hrit,uc et al. proposed using equipment to study sound propagation through small
panels manufactured by 3D printing [4,5]. They researched the influence of different factors
on the sound pressure level after passing sounds through such panels.
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The experimental research carried out has shown that the main factors or groups of
factors able to influence the sound propagation capacity of some materials incorporated in
parts manufactured by 3D printing are the following:

• The nature of the sample material [3,6–8];
• The proportion of different materials in the sample [6];
• The structure corresponding to the arrangement of the material in parts [2,3,9–20];
• Imperfections in the sample material [14,17];
• The size of the so-called “throat effect” (the throat is the smallest aperture in a series of

interconnected pores) [9,10,21];
• Test sample manufacturing technology [7,14,17];
• The shape of the cavity in which the testing is performed [22];
• The frequency of sounds that pass through parts manufactured by 3D printing [3,5,6,8,

9,12,14,15,20,22];
• The acoustic pressure level [5];
• The distance from the test sample to the sound receiver [3,12,15];
• Sample thickness [3,5,13,15,23];
• The parameters corresponding to the 3D printing process [5,7], etc.

Sounds are generated by operating various categories of equipment, by a loudspeaker
or by the voice boxes of humans or other animals, by the rubbing of wings by some insects,
etc. For example, the operation of a crank-rod mechanism, an internal combustion engine,
an electric motor, a percussive hammer, etc., is accompanied by the generation of vibrations
that, if they have a certain intensity and a frequency within certain limits, can be perceived
by the ear of the human being. If sounds can be produced by moving or striking parts in
the case of some mechanical equipment, there are also structural transformations of certain
metallic materials associated with generating sounds.

Objectives deriving from communication or entertainment equipment led to the ap-
pearance of audio speakers. Such loudspeakers convert electrical energy into mechanical
energy that manifests in vibrations with characteristics corresponding to the sound field.
Such loudspeakers have a fixed magnet near a coil through which an electric current flows,
characterized by a variation in the intensity of the electric current in the audio frequency
range. The electromagnet is solidarized with a flexible cone that is intended to amplify
and direct the sounds. The interaction between the fields generated by the fixed mag-
net and the movable electromagnet drives the flexible material cone into motion, thus
producing sounds.

As a rule, the passage of sounds through test samples made of different materials
is studied using the so-called sound impedance tubes [18,24]. Indications regarding the
measurement of sound absorption level when passing through different media have been
included in two main standards regarding this field of research [25,26].

The equipment used to determine the sound absorption coefficient requires small
samples in the form of discs inserted into the tube through which the sounds reflected by
the walls of the cylindrical glass enclosure will also pass. A variant of the tube impedance
is used in the two-microphone impedance method [12]. Maroo and Wright appreciated that
the common impedance tube could not be used to determine sound transmission loss in
the case of samples manufactured by 3D printing, especially in the case of high frequencies.
For this reason, a small reverberation room was used [19]. Shtrepi and Prato showed that
the currently used methods for studying the absorption of sounds by different materials
have some disadvantages. For example, the impedance tube is less suitable for 3D systems,
and a real reverberation chamber requires test pieces of large dimensions [27]. The research
results completed through a doctoral thesis on designing a new reverberation chamber
usable for characterizing sound transmission loss in the case of multi-material samples
manufactured by 3D printing were published in 2021 by Maroo [28]. A reverberation
chamber has been used by Peng et al. for the research of sound transmission loss in the
case of some aircraft composite panels of large dimensions, which were not manufactured
by 3D printing [29].
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The content of this article is intended to highlight the behavior of small panels made
of two polymeric materials by 3D printing when such panels are used as sound insulating
materials. A finite element modeling was used to theoretically investigate the process of
sound propagation through polymer panels. Later, using the results of some experimental
research, empirical mathematical models were determined, and such models highlight
the influence exerted by different factors on the acoustic pressure level of the sounds that
passed through small panels made of 3D-printed polymer materials.

2. Materials and Methods
2.1. Propagation of Sounds through Panels Made of Polymeric Materials

In the research framework, the results of which are presented in this paper, an audio
mini speaker was used to generate sounds with variable frequencies and amplitudes
(Figure 2). This audio mini speaker is model Bass, from Andowl, China, being a mini
portable wireless speaker. The sounds generated by the audio mini speaker pass through
a small panel made of polymer material. The polymer material panel was manufactured
by 3D printing. Later, the sounds reach the sensor of a sound level meter, which will
provide information about the characteristics of the sounds that have passed through the
polymer material panel. The sound level meter is a digital instrument from Ckinnfon,
model HY1361, Mainland, China. The three main components (the audio mini speaker, the
polymer material panel, and the sound level meter) were placed in enclosures lined on the
inside with a material capable of absorbing the energy of sound vibrations.
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In principle, the velocity vg of sound in gases is considered to correspond to a shape
relation:

vg =

√
K
ρ

, (1)

where K is the bulk modulus and ρ is the gas density.
In the case of solid materials, the sound propagation speed can be evaluated using a

shape relationship:

vs =

√
E
ρ

, (2)

where E is the Young’s modulus and ρ is the density of the solid material.
In the case of macroporous polymers, the presence of the compressible air-filled pores

contributes to a reduction of the longitudinal sound speed vl, reaching [30] values consistent
with the equation:

vl =

√
M
ρ

, (3)
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where M is the longitudinal modulus, and ρ is the mass density of the porous material.
The speed of sounds in a body made of polymeric material can have different values,

for example, from 1950 m/s in the case of polyethylene of low density to 2270 m/s in the
case of polycarbonate and 2430 m/s in the case of polyethylene of high density.

Equations (1)–(3) highlight the fact that elements characterizing the nature and prop-
erties of the medium through which the sound waves propagate are capable of exerting an
important influence on the energy carried by these waves and that measuring the sound
energy can provide information on the capacity of different media to absorb, to a greater or
lesser extent, the energy of the sound waves.

2.2. Experimental Conditions

The experimental research aimed to highlight the influence exerted by some factors
on the reduction of the sound intensity level after passing the sounds through some small
panels made of polymer materials by 3D printing.

In the case of the present research, we resorted to using equipment made up of
several distinct compartments (Figure 2). It can be seen that there is a compartment in
which the audio mini speaker was fixed. A second compartment allowed for the locating
and clamping of the polymer sample through which the sound waves pass. Another
compartment was where the sensor of a sound level meter was located. An intermediate
compartment was provided to include the development of some experimental research
on the influence of the distance between the audio mini speaker and the sensor of the
sound level meter. The four compartments are made of wooden boards and assembled
using wooden pins. To reduce the risk of the wooden walls of the premises influencing
the intensity of sounds received by the sound level meter sensor, the interior surfaces of
the compartments with wooden walls were covered with a porous polymeric material
characterized by a high capacity of sound absorption.

An audio mini speaker type Andowl M10 was used (Figures 3 and 4). The application
use for phone control (using Bluetooth) of the mini audio speaker was the Frequency
Generator built by LuxdeLux, being an online resource, specifically, an Android app,
available on Play Store from Google.
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Figure 4. The appearance of some equipment components used to highlight the intensity of the
influence exerted by different factors on the acoustic pressure level after the passage of sound waves
through a panel of polymeric material manufactured by 3D printing.

The intensity of the influence exerted by different factors on an output parameter
corresponding to the process of passing sounds through a small panel manufactured by 3D
printing is dependent on the nature of the panel material, the thickness of its wall, some
characteristics of the materials embedded in the panel that depends on the 3D printing
conditions, the level of acoustic pressure and the frequency of the sound generated by a
certain voltage source, etc.

Polylactic acid (PLA, produced by Filamentum, Fillamentum Manufacturing Czech
s.r.o., Nám. Míru 1217, 768 24 Hulín, Czech Republic), high-impact polystyrene (HIPS, pro-
duced by Formfutura as EasyFil HIPS, Tarweweg 3, 6534 AM Nijmegen. The Netherlands),
and polyethylene terephthalate glycol (PETG, produced by PrimaSelect as PrimaSelect™
PETG, PrimaCreator, Kantyxegatan 25 F, 213 76 Malmö, Sweden) were used as materials
for the small panels. Some properties of the three materials are presented in Table 1. The
three polymeric materials were chosen to be easily accessible and present different physical–
mechanical properties. It was assumed that such materials would also have different sound
insulation properties.

Table 1. Initial properties of materials used for the 3D printing of small panels.

Material
Properties

Density, ρ, kg/m3 Tensile Strength,
Rm, MPa

Printing
Temperature, ◦C

Polylactic acid (PLA) 1250 32.9 180–220
High-impact polystyrene

(HIPS) 1040 42 220–240

Polyethylene terephthalate
glycol (PETG) 1230 31.9 220–260

During the experimental tests, we noted some characteristics of the small panels
(thickness and type of material), some parameters specific to the 3D printing process (being
selected, in the present case, printing speed vp, infill percent i, infill pattern ip, and the
thickness of the deposited layer t), and also some characteristics of the sounds generated
by the audio mini speaker (frequency f and sound volume s).

The design of the experimental tests was carried out by considering an L18-type
Taguchi factorial experiment, with seven input factors having three-level variance values
and one input factor with two-level variation values. For the selection of the input factor
with a two-level variation, it was assumed that an increase in the thickness t of the small
panel would lead to a monotonous decrease (hence, one without maxima or minima) of the
sound intensity, which would make it more appropriate to use only two levels of variation
for the input factor (independent variable) mentioned.
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Thus, the thickness t of the small panels (t1 = 1 mm and t2 = 5 mm) was selected as
an input factor with values on two levels. The small panels had a surface with an area of
100 × 100 mm2. An Ultimaker 3 printer (Eindhoven, The Netherlands) was used for the
3D printing of panels from different polymer materials.

In the case of factors with values on three levels of variation, the nature of the material
from the small panel (three distinct materials, these being the polylactic acid, which was
assigned the value of mPLA = 1; high impact polystyrene HIPS, which was taken into account
considering mHIPS = 2; and, respectively, polyethylene terephthalate glycol PETG, for which
a symbol with the value mPETG = 3 was used), along with 3D printing speed (vp1 = 20 mm/s,
vp2 = 40 mm/s, vp3 = 60 m/s), infill percentage i (i1 = 18%, i2 = 48%, i3 = 78%), infill pattern
(ip1 for grid, ip2 for cubic, ip3 for gyroid), the thickness of the deposited layer (t1 = 0.05 mm,
t2 = 0.1 mm, t3 = 0.15 mm), sound frequency (f 1 = 5000 Hz, f 2 = 10,000 Hz, f 3 = 15,000 Hz),
and sound volume s, expressed as a percentage of the maximum sound volume generated
by the micro audio speaker used (s1 = 30%, s2 = 50%, s3 = 100%), were accounted for.

As output parameters from the analyzed process, the sound pressure level or sound
pressure (this being a measure of the sound energy emitted by a sound source) was used.
The unit of measure for evaluating the sound pressure level is the decibel, and it is the
decimal logarithm of the ratio between the measured sound pressure and the reference
sound pressure po = 2 × 10−5 Pa (the pressure that can be sensed by the human being,
corresponding to a frequency of 1 kHz).

It is relatively common to measure acoustic pressure with the help of sound level meters.
The present research measured the acoustic pressure level using a sound level meter

that can be connected to a computer. The use of specialized software allows us to highlight
on the computer screen the evolution over time of the acoustic pressure level of the sound
received under different conditions.

The values of the input factors (of the independent variables) were included in Table 2.
For each input factor in the investigated process, the coded value according to the Taguchi
methodology for an L18-type factorial experiment and the actual value of that factor were
included. Also, control samples have been 3D printed considering the infill percentage
parameter; it has been 6% and 96%, with the default type of infill assigned per percentage
value. Each group of materials received two control samples. The results were consistent
with the ones presented for the 18 samples.

Table 2. Values of input factors considered and experimental results.

Exp. No.

Input Factors
A-Coustic
Pressure

Level
without
Panel, I0 ,

dB

A-Coustic
Pressure

Level When
Using

Polymer
Panel, Ip , dB

Difference
in

A-Coustic
Pressure

Level,
∆pac , dB

Panel Thickness,
t Material Type, m Printing Speed, v Infill Percent, i Infill Pattern, ip

Layer Thickness,
l

Sound Frequency,
f Sound Volume, s

Coded
Value

Real
Value,
mm

Coded
Value

Real
Value

Coded
Value

Real
Value,
mm/s

Coded
Value

Real
Value,

%
Coded
Value

Real
Value

Coded
Value

Real
Value,
mm

Coded
Value

Real
Value,

Hz
Coded
Value

Real
Value,

%

Column
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

R1 1 1 1 PLA 1 20 1 18 1 Grid 1 0.06 1 5000 1 30 77.7 72.8 4.9

R2 1 1 1 PLA 2 40 2 48 2 Cubic 2 0.1 2 10,000 2 50 95.8 65.8 30

R3 1 1 1 PLA 3 60 3 78 3 Gyroid 3 0.15 3 15,000 3 100 103.6 74.6 29

R4 1 1 2 HIPS 1 20 1 18 2 Cubic 2 0.1 3 15,000 3 100 103.6 75.7 28.4

R5 1 1 2 HIPS 2 40 2 48 3 Gyroid 3 0.15 1 5000 1 30 77.7 73.0 4.7

R6 1 1 2 HIPS 3 60 3 78 1 Grid 1 0.06 2 10,000 2 50 95.8 67.7 28.1

R7 1 1 3 PETG 1 20 2 48 1 Grid 3 0.15 2 10,000 3 100 115.5 88.9 26.6

R8 1 1 3 PETG 2 40 3 78 2 Cubic 1 0.06 3 15,000 1 30 58.5 38.6 19.9

R9 1 1 3 PETG 3 60 1 18 3 Gyroid 2 0.1 1 5000 2 50 95.9 91.8 4.1

R10 2 5 1 PLA 1 20 3 78 3 Gyroid 2 0.1 2 10,000 1 30 77.7 61.5 16.2

R11 2 5 1 PLA 2 40 1 18 1 Grid 3 0.15 3 15,000 2 50 78.1 52.1 26

R12 2 5 1 PLA 3 60 2 48 2 Cubic 1 0.06 1 5000 3 100 114.5 110.5 4

R13 2 5 2 HIPS 1 20 2 48 3 Gyroid 1 0.06 3 15,000 2 50 78.1 51.8 26.3

R14 2 5 2 HIPS 2 40 3 78 1 Grid 2 0.1 1 5000 3 100 114.5 110.2 4.3

R15 2 5 2 HIPS 3 60 1 18 2 Cubic 3 0.15 2 10,000 1 30 77.7 58.7 19

R16 2 5 3 PETG 1 20 3 78 2 Cubic 3 0.15 1 5000 2 50 95.9 90.7 5.2

R17 2 5 3 PETG 2 40 1 18 3 Gyroid 1 0.06 2 10,000 3 100 115.5 98.7 16.8

R18 2 5 3 PETG 3 60 2 48 1 Grid 2 0.1 3 15,000 1 30 58.5 39.5 19
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3. Results
3.1. Modeling Sound Propagation through Polymer Panels Using the Finite Element Method

The finite element method (FEM) offers a perspective on the way the polymeric panel
deflects the sound and how it is propagated inside a closed enclosure. It needed the same
infill pattern and thickness to provide accurate results as the analyzed 3D-printed panels.
For that matter, the SolidEdge teacher edition was used to model two panels with different
patterns, grids, and gyroid of 5 mm thick. They correspond to the R7 and R17 samples of
3D-printed parts for the experiments, having received the same infill percentage and shape
(Figure 5). Each panel was later added to an assembly, including a speaker box and the
panel itself at the same distance as the one from the experimental setup.
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Ansys 2023 R2 (researcher license), as the preferred software was chosen for FEM, with
its module named Harmonic Acoustics, because of its ability to highlight a linear structure’s
response to sinusoidal loads, which vary in time. That means that each boundary condition
determines the frequency applied using its amplitude and phase. Different loads can be
applied, from which the mass source was selected as the primary excitation method. It
was necessary to model the acoustic medium surrounding each speaker with a panel type
of assembly because this is the one computational domain (CD) in which acoustic waves
propagate (Figure 6).
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3.2. Experimental Results

The experimental results were entered in the last columns of Table 2. Thus, in column
no. 18, the values of the sound intensity level were mentioned when between the sound
source (audio mini speaker) and the sensor of the sound meter level, which was not
placed on a panel of polymeric material; and in column no. 19, the values were received
by the sensor of the sound level meter when a panel of polymeric material with certain
characteristics, obtained through the 3D printing process, was placed between the sound
source and the sensor. In column no. 20, the differences between the values entered in
the two previous columns were included. These values (from column no. 20) provide
information on the extent to which the sound pressure level was affected by the presence
of a polymeric material panel between the sound source and the sound-receiving sensor.

The experimental results were mathematically processed using specialized software
based on the least squares method [31]. The software allows for the selection of a certain
empirical mathematical model from among five such models (first-degree polynomial,
second-degree polynomial, power-type function, exponential function, and hyperbolic
function, respectively). The adequacy of a certain empirical mathematical model to the
experimental results can be assessed using the value of the so-called Gauss criterion [32,33].
In principle, the value of Gauss’s criterion is determined as a ratio in which the numerator
is a sum of the squares of the differences between the values determined by using the
proposed empirical mathematical model and, respectively, the values of the ordinates
corresponding to the experimental results, for the same values of the abscissas. The ratio’s
denominator represents the difference between the number of experimental trials and the
number of constants in the proposed empirical mathematical model. It is considered that
the lower the value of Gauss’s criterion, the more appropriate the considered mathematical
model is for the set of experimental results obtained. According to this observation, it can
be appreciated that when several empirical mathematical models are proposed, the most
appropriate model will be the one for which the value of Gauss’s criterion is the lowest.

Through the mathematical processing of the experimental results, it was found that
the most appropriate empirical mathematical models for the sets of experimental results
are the following:

• For the absolute values determined in the case of the sound pressure level, it is a
polynomial function of the second degree:

pac = 61.589 + 12.355t − 1.944t2 − 2.859m + 0.941m2 − 0.117v
+0.00153v2 − 0.321i + 0.00315i2 + 0.815ip + 0.216i2p
+89.372l − 444.032l2 + 0.00853 f − 4.351 · 10−9 f 2

+0.825s − 0.00241s2,

for which the value of Gauss’s criterion is SG = 0.3702504;
• For the sound pressure level corresponding to the energy absorbed primarily by

the panel material manufactured by 3D printing, calculated as a difference between
the values entered in columns 18 and 19 of Table 2, the most appropriate empirical
mathematical model is like a polynomial function of the second degree:

∆pac = 169.745 − 263.917t + 43.719t2+
5.097m − 1.639m2 − 0.141v + 0.00153v2+
0.180i − 0.00177i2 + 1.311ip − 0.571i2p−
27.377l + 222.774l2 + 0.00853 f − 3.253 · 10−7· f 2+
0.685s − 0.00480s2,

the value of Gauss’s criterion being, in this case, SG = 0.4655038.

On the other hand, in manufacturing engineering, empirical mathematical models of
the power function type have been used for a relatively long time. Such models are used,
for example, to highlight the influence of the cutting parameters on the size of the cutting
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tool life, the sizes of the cutting forces, the value of the roughness parameters, etc. It is con-
sidered that by simply examining the values of the exponents attached to the independent
variables in a power-type function mathematical model, some first information is obtained
relatively quickly regarding the intensity and sense of the influence exerted by the action
of the input factors (consider as independent variables) in the process investigated on a
magnitude of interest. By resorting also in the present case to such empirical mathematical
models of the power function type, the following relations were determined:

• For the absolute values of the acoustic pressure level (values entered in column no. 19
of Table 2):

pac = 1198.755t−0.000324m−0.0175v−0.0314i−0.0348i0.0654
p l0.0406 f−0.460s0.419,

the value of Gauss’s criterion being higher than that of the most appropriate model,
namely, SG = 28.49857.

• For the acoustic pressure level corresponding to the energy absorbed by the panel
material:

∆pac = 6.726 · 10−6t−0.121m−0.0904i0.0322i−0.0939
p l0.113 f 1.618s0.102,

for which the value of Gauss’s criterion has value SG = 56.99927.

The graphical representations in Figures 7–9 were drawn using Equation (5).
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4. Discussion

The validation of the empirical mathematical model proposed by Equation (5) can be
performed by making an additional experimental test using for one independent variable
or for several independent variables, other values different from those used to generate
the empirical mathematical models, by processing the experimental results. In the case of
the mathematical model represented by Equation (5), an additional experimental test was
performed. Experiment no. 18 from Table 2 was taken into account. The following values
of the independent variables were used: t = 5 mm; m = 3 (corresponding to PETG material);
v = 60 mm/s; i = 48%; ip = grid; l = 0.1 mm; f = 8000 Hz; and s = 7500 Hz. It can be seen that
the last two independent variables (f s, i s) had values other than those used to determine
the empirical mathematical model corresponding to Equation (5) in the case of experiment
no. 18.

For these independent variables’ values, the ∆pac parameter value, determined using
the empirical mathematical model (5), was 17.31 dB. Through the experimental test, the val-
ues I0 = 117.5 dB were obtained without the panel and, respectively, Ip = 101.2 dB when the
PETG panel was placed between the mini audio speaker and the sensor of the sound level
meter. The difference between the two measured values leads to a value of ∆pac = 16.3 dB.
It is thus possible to determine a percentage difference between the value determined
using the identified empirical mathematical model and the value obtained using the experi-
mental result of the additional test ∆ = (17.31 − 16.3) × 100/17.31 = 5.83%. It can thus be
appreciated that the proposed empirical mathematical model can be considered validated.

The analysis of Equations (6) and (7)—and, respectively, of the graphic representations
in Figures 7–9—facilitated the formulation of the following findings.

From the analysis of the power-function-type mathematical models (Equations (6) and (7)),
it is found that the greatest influences on the values of the acoustic pressure level pac—and,
respectively, on the sound energy absorption highlighted by the acoustic pressure difference
∆pac—correspond to the factors frequency f and sound volume s, as these factors are
associated, in Equations (6) and (7), with relatively high absolute values of exponents (in
Equation (7), the two magnitudes are associated with exponent values of 1.618 in the case
of frequency f and, respectively, 0.102 in the case of sound volume s).

The empirical mathematical model of power function type defined by Equation (7)
highlights the strong influence of frequency f and sound volume s on the sound energy
absorbed by the sample material.

Using mathematical models of the second-degree polynomial type, the graphic rep-
resentations in Figures 7–9 highlight the existence of maxima of the value of the acoustic
pressure difference ∆pac. The more pronounced influence of the frequency f of the sounds
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exerted on the difference in acoustic pressure level can be more clearly observed in the
graphic representation in Figure 9.

For the conditions in which the experimental research was carried out, from Figures 7–9,
it can be seen that there is a maximum of the acoustic pressure difference for a frequency
of about 13,000 Hz. It is worth noting that different researchers have observed maximum
sound absorption values by panels made of different materials for certain frequency values.
These maximum values differ depending on the nature of the panel material and other
conditions in which the measurements were made. Thus, it was found the existence of a
maximum absorption coefficient for a frequency of approximately 2000 Hz in the case of a
panel made of 20% polyester resin and 80% PET pellets [6]. Others highlighted the existence
of two maxima of the sound absorption coefficient for frequencies with approximate values
of 2500–4000 Hz and, respectively, of approximately 7500–9500 Hz in the case of panels
made of porous solid fiber structures [9].

As mentioned in the introduction, there is an influence exerted on the sound absorp-
tion capacity in the case of some panels of polymeric materials by some input factors in
the experimental investigation process, such as the sound frequency [6,8,9,12,14,15,20,22],
the nature of the materials from which the samples were made [3,6–9], the acoustic pres-
sure level of the incident sound radiation [5], the thickness of the panels [3,5,13,15,23],
the structure corresponding to the arrangement of the material in samples [2,3,9–20] etc.
However, the values that characterize the sound energy absorption by the samples have
values between wide limits due to the differences corresponding to the conditions involved
in making the measurements. Through the experimental results presented in this paper,
as expected, it is confirmed that an increase in the thickness t of the panel will lead to the
absorption of a greater amount of the energy of the sounds emitted by the source.

Figure 10 shows the reduction of the sound level when a panel made of polymeric
material manufactured by 3D printing was placed between the sound source and the
sensor of the equipment under the conditions valid for experiment no. 2. As expected,
the presence of the polymer panel contributes to a decrease in the sound level received
by the device’s sensor. It can be noted that the panel made of polymer material absorbs
energy corresponding to a difference in acoustic pressure of about 35 dB. This means that
the presence of the polylactic acid panel leads to a reduction of about 45% in the sound
pressure level.
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and the presence of the polymer panel manufactured by 3D printing for experiment no. 2.

The graphic representation in Figure 11 sought to highlight the time variation of the
sound level reaching the sound level meter sensor. The graph corresponds to the use of the
conditions corresponding to experiment no. 18. The sound level meter transmits the values
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to the computer software, which determines a mean sound level value after one-second
intervals. Such mean values were considered when the computer software developed the
diagram in Figure 11. It can be seen that the sound level reaching the sound level meter
sensor after passing through the polymer material panel is not constant. For the conditions
of the experimental tests, the sound level registers a variation between relatively close
limits, namely, between 38.7 dB and 39.6 dB.
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sound level recorded for a duration of one second).

To simulate a perfect insulation environment, another medium had to be modeled
as a perfectly matched layer (PML) which absorbs bouncing waves without reflecting
them. In the Ansys Space Claim module, the boxed type of enclosure was chosen was for
both media—computational domain (CD) and the perfectly matched layer (PML)—which
were later imported in the analysis’s module (Figure 12a). The entire geometry shares its
topology among its components. Because the aim is to obtain acoustic pressure distribution
results, air was added as the propagation medium and assigned as the default material
for both enclosures. Mesh-wise, a face-sizing method was added to capture all facets
of the newly designed assembly by suppressing the initial setup containing the speaker
and the polymeric panel. That made the assignation of materials for the two-suppressed
components irrelevant. Mesh resulted in 60,553 nodes and 38,745 elements. The mass
excitation source was applied to the speaker’s membrane (Figure 12b). When applied to
a surface, one can divide the mass flow rate by the area on which it is applied. After this
step, the speaker and polymeric panel are suppressed to mesh the entire geometry.

The analysis settings received a linear frequency spacing varying from zero to 10,000 Hz.
The acoustic region is set to the DM enclosure, and a newly added physics region is
added and assigned to the PML enclosure. This ensures that pressure builds up inside
as acoustic waves do not escape the setup and are not reflected by its outer boundaries.
The solution requires a sound pressure level and an acoustic pressure distribution. For
the R17 experiment, the gyroid 18% infilled sample at 100% sound intensity level resulted
in 119.66 dB (Figure 12b). For the R7 experiment, the grid 48% infilled sample at 100%
sound intensity level resulted in 119.01 dB (Figure 12b). The values are greater than the
ones recorded in experimental tests since Ansys uses a perfectly isolated medium.
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Figure 12. Graphical representations setup with two enclosures: (a) general view of resulted geometry;
(b) mass source excitation applied to the speaker’s membrane.

Acoustic pressure builds up inside the computational domain (CD) and extends to
the limits of PML enclosure. The R17 experiment setup peaks at 15.381 Pa, and the R7
experiment reaches 12.928 Pa (Figure 13). Results show that gyroid infill better deflects the
sound waves. They are consistent with experimental results that revealed a 26.6 dB loss in
sound pressure level for the R7 experiment gyroid-infilled sample instead of just 16.8 dB
for the R17 experiment grid-infilled one.
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5. Conclusions

In some situations, reducing the intensity of sounds in certain spaces is necessary. In
such situations, panels made of polymeric materials can be used to allow for the sound
insulation of the respective spaces. For this reason, it is useful to know some information
about the ability of some polymeric materials to absorb sound energy. On the other hand,
the expansion of the use of parts made of polymeric materials through 3D printing has
opened up new possibilities for modification, including the ability of some polymeric mate-
rials to absorb the energy of sound vibrations. The finite element method was employed to
obtain initial information on the behavior of small polymeric-med panels. Later, experi-
mental research was carried out, starting with a Taguchi L18-type factorial experiment. The
experiment considered eight independent variables, of which one variable (the thickness of
the polymer material panel) received values on two levels of variation. The other seven
independent variables had values on three levels of variation. The input factors were the
thickness of the panel, the nature of the polymer material of the panel, the 3D printing
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speed, the infill percentage, the infill pattern, the layer thickness, the frequency, and the
sound volume. The output parameters taken into account as dependent variables were the
acoustic pressure level of the sound wave after passing through the polymer material panel
and, respectively, the acoustic pressure level corresponding to the energy absorbed by the
panel. The experimental research was carried out using a sound-insulated enclosure. In this
enclosure, in separate compartments, a mini audio speaker, a supporting wall of the sample
in the form of a small panel, and, respectively, the sensor of a sound level meter were
placed. Panels with an area of 100 × 100 mm2 and 5 mm thicknesses were manufactured by
3D printing from polylactic acid and polyethylene terephthalate glycol, respectively. The
experimental results were mathematically processed using specialized software. Empirical
mathematical models of the second-degree polynomial and power function were obtained
in this way. The last type of function directly highlights the means and intensity of the
influences exerted by the input factors on the values of the output parameters. As expected,
it was found that an increase in the thickness of the polymer material panel leads to a
decrease in the sound pressure level after sound passes through the polymer material panel.
The strongest influence on the difference in acoustic pressure is due to the energy the panel
absorbs, which is exerted by the frequency of the sounds. For the polymer materials used
to make the small panels and for the conditions of the experimental tests, the variation
of the acoustic pressure difference due to the change in the frequency of the sounds led
to a maximum corresponding to a frequency of about 13,000 Hz. In the future, research
is intended to continue considering the possible influence exerted by other factors that
characterize the 3D printing process. Another direction for experimental research could
consider panels manufactured by 3D printing from other materials.
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Abstract

Integration of thermographic imaging with in situ scanning electron microscopy (SEM)
analysis may aid in quantifying thermal–mechanical behavior during tensile testing of
3D-printed polymers, which gives information about fracture mechanics, including the
associated thermal phenomena. Upon fracture, samples exhibit changes in the thermal
field, which is interesting because temperature fluctuations can affect material integrity.
The paper introduces printing parameters to demonstrate a thermal measurement system’s
sensitivity in detecting variations in mechanical response due to controlled changes in
the process. Employing scientific methods, one can extrapolate results to a wider class of
materials such as thermoplastics. Analysis of variance (ANOVA) is key in the design of
experiments (DOE) if one wants to analyze the effect of factors and interactions. It has
been used with the purpose of reducing the risk of type I errors (i.e., false positives). The
finite element method (FEM) highlights temperature distribution in the area of interest
and confirms recorded data. The particularly developed research experiments are carried
out in a laboratory environment. Different samples are subjected to tensile tests under the
evaluation of changes in the thermal field. SEM analysis is also widely used in fracture
analysis to understand failure modes (ductile vs. brittle, crazing, delamination, and others).
Thus, the paper aims to present a custom setup comprised a thermal camera pointed
at samples during tensile testing that would serve as a reliable assessment system that
accounts for the substitution of a sensor-based environment but is still fully capable of
validating the measurement approach.

Keywords: thermal imaging; 3D printing; tensile testing; ANOVA; FEM; SEM

1. Introduction
The combination of thermal imaging and in situ observation, aligned with mechanical

testing, offers a coherent measurement system for comprehensive material evaluation. It
is generally accepted that printing parameters have a great influence on the final part’s
mechanical integrity and toughness. Hamidi et al. have studied the influence of printing
parameters of thermoplastic polymers. By blending two filaments they were able to detect
how various ratios impact final products by means of differential scanning calorimetry
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(DSC) and thermogravimetric analysis (TGA). Not only printing procedures are responsible,
but also different blends that, in their case, accounted for a reduced cold crystallization
temperature among others, which gave 64% reduced strength but better ductility. By using
different strain rates for tensile tests, the authors have found a relation to the rate-dependent
properties of the PLA/TPU polymer [1].

Jin et al. have studied the thermal properties of some 3D-printed monofilaments. At
a certain value of the monofilament diameter, they have found that the tensile strength
reaches a maximum of 48.3 MPa in the case of carbon fiber-reinforced polylactic acid (CF-
PLA) and as CF amount is increased up to 8 vol%, a high thermal stability is achieved. A
single PLA-based board shows numerous fusion interfaces, which may account for a tensile
strength of just 22.1 MPa, which is half the strength of CF-based ones. Thermogravimetry
revealed that the thermal conductivity of the CF-based monofilament is higher than the
average PLA one. However, if the threshold of 8 vol% is exceeded, thermal stability is
affected by favoring the appearance of more cracks [2].

Švantner et al. tackled the problem of thermographic devices that exhibit limited
accuracy, often rendering them inadequate for certain applications. They propose a built-in
active reference element that leads to enhanced measurements, thus obtaining pertinent
results in a given range. It shows the potential for commercial devices to be used in
precision-based applications by successfully substituting more expensive equipment [3].

Researchers have strived to find ways for suitable thermal management. Analyses
of thermal performance were carried out by Pei et al. on 3D-printed polymer vacuum
insulation panels known for their low thermal conductivity. Their thermal insulation
performance derives directly from thermal conductivity, as it was found that it is very
sensitive to the emissivity of the solid material when the pressure levels are low. However,
PLA for example, exhibits higher emissivity in the infrared region, which explains the
behavior of samples under temperature fluctuations. There is a reason why researchers are
aiming for lower values for thermal conductivity, as it opens the path for other methods for
increasing strength of printed parts [4].

Researchers have addressed different types of tests to assess the strength of materials,
among which are tensile ones under thermal cycling conditions. By varying temperature
conditions, Kang et al. were able to correlate material strength with temperature variations.
They have used the Matsuoka model and achieved up to 90% more strength for their
polymethyl methacrylate (PMMA) samples because the polymers react upon heating
beyond the glass transition temperature (Tg) but were able to maintain a consistent elastic
modulus for the studied samples batch [5].

By deploying thermal data augmentation techniques, Khoshkbary-Rezayiye et al. have
managed to combat limited datasets. Their approach, which uses deep learning, aims at
the automation of defect detection processes. By generating synthetic sub-surface defects
by means of finite element modelling (FEM), one could obtain synthetic thermal images,
that when overlapped onto reals ones, may be used for training the learning algorithm.
This method shows the potential of thermal imaging in the detection of defects in pipes but
may be extended to others as well [6].

Other researchers have used scientific methods like ANOVA, Taguchi, and grey rela-
tional analysis (GRA) to find ways to improve the mechanical performance of 3D-printed
samples through thermal annealing. These methods also produce optimal results in in form
of tensile strength, flexural strength, compressive strength, and impact resistance. Kahya
et al. found a significant effect of annealing temperature and time on the tensile properties
of their PLA-based samples which exhibited approximately a 25% increase in strength
after 200 min of annealing at 90 ◦C, thus facilitating beneficial phase transition. ANOVA
revealed that temperature was the primary factor, accounting for 94.46% of the variance
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almost independent of time. By employing differential scanning calorimetry (DSC) results,
it was confirmed that the process of annealing enhances and promotes molecular align-
ment, which gives more stable crystalline regions. This type of research may be very well
continued by assessing the influence of temperature fluctuations in 3D-printed models [7].

Fujita et al. are evaluating fatigue damage of carbon-fiber-reinforced plastic (CFRP)
structures by taking into account thermal diffusivity and specific heat capacity retrieved
by lock-in thermography. After numerous fatigue cycles, which produced microstructures
changes and degradation, values of thermal diffusivity decreased and triggered an in-
creased volumetric heat capacity under fatigue loading [8]. Thus, thermal evolution may
be captured and assessed as one of the main output factors of certain mechanical processes.
Demarbaix et al. have also studied defect detection by using active thermography. They
have established two benchmarks that set a detectability threshold and look for defects as a
result of 3D printing. Successful detection is achieved through reflection and transmission
modes as reflection avoidance is not necessary. It shows the potential of using thermal
equipment for early detection [9].

Roudný et al. have reviewed FDM-ready composites that are thermal conductive (TC).
It is pointed out that, regularly, anisotropy may be present as TC being higher in the print
direction. Even though manageable by 3D printing, oriented fibers are not preserved after
process completion due to their inability to maintain molecular orientation after filament
reheat, which often occurs when the polymer that is molten stretches under stress-induced
conditions to form macromolecules. It has been found that it is possible to achieve a certain
TC in a given time interval that is comparable to drawn fibers’ molecular orientation by 3D
printing at high speeds. Of course, the addition of conductive fillers helps in the sense that
smaller particles form a denser network with improved TC. One of the solutions is to build
a segregated structure by using coextrusion that would allow a shell cover to be created.
However, there are limitations, as adhesion between the network structure and polymer
matrix must be improved [10].

Interlayer adhesion was also studied by Nguyen et al., which revealed that it also
depends on polymeric chain mobility because as soon as thermal energy accumulates that
will determine when layers fuse and bond. Another interesting approach focuses on the
post-processing of parts obtained by means of 3D printing by introducing an additional
thermal treatment that further strengthens their mechanical toughness through interlayer
interaction. Others have built custom chambers that allowed envelope temperatures to be
controlled, which led to enhanced neck growth and improved strength of the interlayers.
By employing a time–temperature superposition (TTS), they have investigated the creep
modulus of their samples, which exhibited a greater value than that of the untreated speci-
mens that might be explained by good local relaxation and greater polymer chain flexibility.
That translates into less visible interfacial voids and porosity on treated specimens and also
impacts tensile strength [11].

Castillo et al. tackled the relationship between temperature profiles and ultimate
tensile strength (UTS) by using a cyber–physical production system (CPPS) that analyzed
certain thermal parameters, such as layer thickness, printing speed, extrusion temperature,
and bed temperature. The first one was found to be the most influential as UTS registered
a 17% increase. The study revealed that good mechanical strength is possible through
optimal thermal transition between deposition, adhesion, and layer solidification [12].

The present study aims to present a functional setup that may substitute dedicated,
highly expensive, sensor-based systems for the assessment of thermal evolution of 3D-
printed samples that were subjected to tensile tests. Video files were recorded for each
sample in order to capture peak values and temperature evolution, in time, in such a
manner that it would encompass a monitoring system. Statistical methods were employed
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that highlight tendencies, depending on input parameters. Scanning electron microscopy
(SEM) was used, as well as numerical simulations based on finite element analyses (FEA),
that revealed stress distribution as tensile testing was carried out. The proposed setup,
which includes the thermal imaging equipment, may account for a sensor-based system
used for monitoring anisotropy and mechanical strength in FDM printing systems and is
susceptible to system capability analysis. The results confirm initial assumptions and allow
statistical analysis with valuable insights. Improvements in terms of printing parameters
may overcome defects revealed by fracture analysis. Limitations are present due to equip-
ment capabilities. The authors acknowledge that there may be a research gap because by
studying similar work we aim to demonstrate the diversity of scientific approaches and
experimental frameworks that address similar concerns in the field while using a custom
evaluation system.

2. Materials and Methods
The methodological framework is designed to be replicable by researchers in related

fields of mechanical engineering and others, offering a structured approach that integrates
both the experimental setup and several analyses that are used as part of the evaluation
system as a whole. By documenting these stages, the paper aims to prove reproducibility
and transparency, enabling others to adopt or adapt the system according to their specific
investigative needs. The proposed workflow can be observed in Figure 1.

 

Figure 1. Workflow schematics of experimental testing setups and methods.

2.1. Experimental Testing Setup

The proposed setup involves the HTI HT-18 thermal imaging camera, manufactured
by Dongguan Xintai Instrument Co., Ltd. (Dongguan, China), the People’s Republic of
China, mounted on a tripod. It has a vanadium oxide uncooled infrared focal plane detector
with a resolution of 256 × 192 and a cell size of 12 µm. Measurement accuracy varies from
−15 ◦C to 550 ◦C with ±2% error and a temperature measurement resolution of 0.1 ◦C.
Calibration involved adjusting the emissivity value to match the object being measured,
thus for matte surfaces a default of 0.95 was used.
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The equipment was placed in front of the universal mechanical testing machine, WDW
50, manufactured by Jinan Hensgrand Instrument Co., Ltd. (Jinan, China), the People’s
Republic of China (see Figure 2a), used for tensile testing of specimens and structures of
various shapes, including cables, profiled bars, plates, springs, and others. The machine
is driven by an AD800 closed-loop automated measurement and control system. The
driving software (i.e., WinWdw Electronic Universal Testing Machine Measure and Control
System, version 2.15.P.E) automatically calculates and stores tensile experimental data such
as strength, yield strength, modulus of elasticity, or elongation at break. It has a 50 kN
load cell with a 600 × 600 mm2 testing area. The measurement scale ranges from 0.4% up
to 100% full scale (FS). Speed control allows increments of 0.02–100% (FS/min), with the
equipment being able to move at rates of 0.005~500 (mm/min).

It used the ISO 527-2:2012 type 1B standard for sample preparation [13]. The 3D
models were designed in 3D CAD type of software (i.e., Solid Edge 2023, teacher licensed,
version 2210). Scanning electron microscopy was carried out using a SEM VegaTescan LMH
II, manufactured by Tescan Orsay Holding, Brno, Czech Republic (see Figure 2b).

   
(a)  (b) 

Figure 2. Setup of different stages: (a) image taken in the laboratory premises for tensile testing and
(b) image taken in the laboratory premises for scanning electron microscopy.

The aim of this study was to use additive manufacturing to obtain 3D-printed samples
that will be subjected to tensile testing. The process requires layer-by-layer deposition to
build a part directly from a digital model, with minimal material waste. The fabrication
method is favored because several process-related factors exhibit great influence. Material
selection affects strength, ductility, and thermal resistance. Poor interlayer bonding leads to
weaker mechanical strength as print orientation and path significantly affect anisotropic
properties. Process parameters could affect porosity, warping, residual stresses, and surface
finish, and uneven cooling can cause internal stresses or cracks.

The authors have tested multiple infill patterns for the 3D-printed specimens with
their aim to achieve ones that would exhibit enough temperature variation to be captured
by the thermal imagining equipment. It was found that neither produced satisfactory
results as fracture occurred too rapidly without any significant burst of thermal behavior.
Thus, the present study proposes a printing strategy that would compensate for that.

Specimens were 3D-printed on a Prusa Mk3s+ type of 3D printing equipment and
the slicer used was an Orca slicer 2.3.0-beta, which is an open-source type of software.
The above-mentioned strategy involves printing concentric walls as opposed to an infill
pattern, as observed in Figure 3. The grip area was extended from 17.5 mm to 30 mm for a
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better grip, as it was found that the proposed printing strategy allows fractures only in the
calibrated area of the specimen since each one exhibited the same behavior during testing.

This type of printing creates layer voids that behave differently depending on the type
of material chosen and does account for the brittleness or ductility of the test specimens. It
is expected that fibers upon fracture should elongate or even curve as the specimen turns
ductile in opposition to brittle ones that should exhibit a sudden, clean cut.

 

Figure 3. Snapshot from the slicer with the proposed printing strategy: (a) standard infill; (b) infill
with connecting lines; and (c) infill with walls.

The first type of infill shows the way the slicer commands the 3D printer to layout each
layer. One can see that when the infill pattern meets the inner walls depicted in green, there
is a piercing by a tiny fraction, thus creating weak points that will act as stress concentrators
(see Figure 3a). This is the reason why the samples prematurely fail. The slicer shows that it
enters the wall structure with about 0.1 to 0.2 mm out of the wall’s 0.4 m thickness, to allow
a steady fusion. The second graphical representation proposes that the infill would take
advantage of connecting lines instead of points of intersection (see Figure 3b). This allows
a diminishment of the stress concentrators effect but still fails to achieve this study goal
of capturing thermal burst upon fracture. The third strategy does not use infill but favors
concentrically printing walls with offset (see Figure 3c). This produces layer voids when
viewed in section as scanning electron microscopy will reveal. The approximate shape is
presented in detail in Figure 3. This strategy offers the benefits of improved toughness
along the fiber, because the printed sample is essentially a package of very long, stacked
filament.

The design of experiments (DOE) followed a Taguchi L27 orthogonal array, incorpo-
rating five input factors, each at three levels of variation. The selected parameters for the
3D-printed samples included: material type, raster height, raster width, material flow rate,
and pulling speed during tensile testing, as detailed in Table 1.
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Table 1. Taguchi L27 orthogonal design matrix.

Run Ord. Material
Raster
Height
(mm)

Raster
Width
(mm)

Material
Flow
(%)

Test
Speed
(m/s)

(mm/min)

Avg.
Fracture

Temp.
(◦C)

Avg. Load
(N)

Avg.
Displace-

ment
(mm)

1

ABS

0.15 0.5 100

50 37.66 37.663 45.165

2 100 50.16 50.163 60.165

3 200 75.16 75.163 90.165

4

0.25 0.6 105

50 38.96 38.963 46.705

5 100 51.46 51.463 61.705

6 200 76.46 76.463 91.705

7

0.35 0.7 110

50 40.26 40.263 48.245

8 100 52.76 52.763 63.245

9 200 77.76 77.763 93.245

10

ASA

0.15 0.6 110

50 40.19 40.188 48.195

11 100 52.69 52.688 63.195

12 200 77.69 77.688 93.195

13

0.25 0.7 100

50 37.74 37.738 45.235

14 100 50.24 50.238 60.235

15 200 75.24 75.238 90.235

16

0.35 0.5 105

50 38.96 38.963 46.685

17 100 51.46 51.463 61.685

18 200 76.46 76.463 91.685

19

rPETG

0.15 0.7 105

50 38.96 38.963 46.725

20 100 51.46 51.463 61.725

21 200 76.46 76.463 91.725

22

0.25 0.5 110

50 40.19 40.188 48.175

23 100 52.69 52.688 63.175

24 200 77.69 77.688 93.175

25

0.35 0.6 100

50 37.74 37.738 45.215

26 100 50.24 50.238 60.215

27 200 75.24 75.238 90.215

The study utilizes three different materials: a white acrylonitrile butadiene styrene
(ABS) filament from the company BASF, Emmen, Germany, a red acrylonitrile styrene
acrylate (ASA) filament from the company FormFutura, Amsterdam, The Netherlands,
and a black recycled polyethylene terephthalate glycol-modified (rPETG) filament also
from FormFutura, Tarweweg, the Netherlands. Before printing, all filaments were dried
at 70 ◦C for six hours. During the printing process, the filaments remained in a silica-
conditioned enclosure to prevent moisture absorption. The printing parameters adhered
strictly to the manufacturers’ specifications. For the 3D printer parameters, the raster
height varied at 0.15 mm, 0.25 mm, and 0.35 mm, while the raster width levels were
set at 0.4 mm, 0.6 mm, and 0.7 mm. These parameters controlled the cross-sectional
dimensions of the extruded filaments [14]. The material flow rate was adjusted to 100%,
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105%, and 110% of the nominal volumetric flow rate, based on the hypothesis that increased
flow rates would reduce internal voids between filament layers. Specimens followed a
modified version of the ISO 527-2:2012 type 1B standard, incorporating a 30 mm grip zone.
For each parameter combination, five dog bone-shaped specimens were printed using
a Prusa Mk3s+ enclosed 3D printer (Prague, Czech Republic), equipped with a 0.6 mm
nozzle. After conditioning for 24 h in a controlled laboratory environment (20 ◦C and 50%
relative humidity), the specimens were subjected to tensile testing at three pulling speeds:
50 mm/min, 100 mm/min, and 200 mm/min. It was found that at those values there are
results that can be captured by the thermal camera. The mechanical tests were carried out
on the WDW 50 [15]. The three above-mentioned types of filaments were chosen among
others for their intrinsic thermal properties such as heat capacity (Cp), thermal conductivity
(k), and thermal diffusivity (α = k/ρ·Cp), where (ρ) stands for density. Approximate
values are presented in Table 2.

Table 2. Filament material comparisons.

Property ABS ASA rPETG

Cp [J/g·K] 1.3–1.6 1.4 1.0–1.20

k [W/m·K] 0.128–0.187 0.2 0.24–0.3

α [mm2/s] 0.11–0.17 0.13–0.18 0.12–0.18

Each of these polymers exhibits distinct thermal behavior. The properties of ABS,
an amorphous thermoplastic, offer balanced thermal insulation and dimensional stability
during printing [16,17]. The attributes of ASA not only allow for similar processability
as ABS but also impart improved resistance to weathering and UV degradation, thus
extending its use to outdoor applications where thermal and environmental stability are
required [17,18]. On the other hand, recycled PET, a semi-crystalline thermoplastic, exhibits
a more thermally complex behavior. Due to post-processing and thermal history, rPETG
demonstrates a wide variability in its crystallinity (20–35%), which influences its thermal
response during manufacturing and end-use [16,18,19].

2.2. Setup for Thermal Variation Assessment of the Tensile Test Using Finite Element Method
(FEM)

The use of the finite element method (FEM) was aimed at replicating experimental
tests when fracture of a test specimen occurs. For that purpose, an Ansys researcher license
was used. By simulating the entire experimental test, one could obtain similar results by
means of finite element analyses (FEA) that would thus be validated. Furthermore, stress
and strain distributions may be revealed so that conclusions may be formulated regarding
the thermal behavior of specimens under given conditions that otherwise would be difficult
to assess.

The present study uses samples obtained by a 3D printing process manipulation in
the form of a multiple concentric walls internal layout that favors increased toughness of
each specimen inside the calibrated zone during the tensile tests (see Figure 4a).

The 3D model was imported to the Ansys Explicit Dynamics module in Parasolid
format. The reason that this module was first used is that FEM aims to replicate one tensile
test, including thermal assessment. This is made possible by importing the results of the
above-mentioned module into another one, namely Steady-State Thermal module.

It was chosen to use ABS from the software library, which was assigned a non-linear
behavior. The material exhibits isotropy, thus transforming the analysis into an ideal setup.
An anisotropic type of ABS would predict failure along weaker planes, such as inter-layer
boundaries in fused deposition modelling (FDM) printed parts. This makes results prone
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to overestimate ductility. To overcome this, the solution was to implement a direction-
dependent material model in FEM in the form of an orthotropic material definition, which
is based on experimental stress–strain data in different orientations retrieved from previous
research [20]. Future endeavors will also use anisotropic failure criteria like Tsai-Wu,
Hashin, or maximum stress theory in FEM to capture directional weaknesses.

     
(a)  (b)  (c) 

Figure 4. Specimen model: (a) plot of 3D printing process manipulation; (b) 3D intermediate printed
sample made of ABS; and (c) 3D CAD model replica of the wall infill pattern.

The connection branch uses no contacts or body interactions since the 3D model is
interpreted as a single body.

Mesh wise, there were several software tools used.
It was assumed that failure would occur in the calibrated area because boundary

conditions were set in such a manner that would favor it. Experimental tests revealed that
the fracture area is slightly elongated and very abruptly shaped, with leftovers that are
irregular and randomly distributed, leading to the conclusion that the triangle type of finite
elements must be used for the simulation to succeed.

The body sizing method, in combination with patch conforming that uses both
quadratic and triangle-shaped elements, was first imposed. It led to inaccurate results since
it was obvious that there was a need for higher-order types of finite elements. Thus, the
Hex-dominant method that forces all quads was used. That produced hexagonal elements
with eight nodes (Hex8) and wedge-shaped ones with six nodes (Wed6), with acceptable
orthogonal quality in the calibrated zone, as can be observed in Figure 5a. Skewness
assessment showed that the areas affected are outside the calibrated zone, as can be seen in
Figure 5b. The process of meshing produced 19,482 nodes and 6676 elements.

Boundary conditions include a force type-of-load that received the same value as one
that has been recorded in experimental testing and a fixed support that holds the sample in
place. Thus, tensile testing conditions are met. However, because of the skewness that the
mesh quality inquiry has revealed, additional conditions were imposed. Displacements of
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zero value on the Z axis were introduced for the top and bottom faces, as well as on the Y
axis, for the lateral faces of the model, as can be observed in Figure 6.

(a) 

(b) 

Figure 5. Mesh quality assessment: (a) orthogonal and (b) skewness.

(a) 

Figure 6. Cont.
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(b) 

(c) 

Figure 6. Boundary conditions: (a) force type-of-load and fixed support applied at both ends; (b) zero
displacement on the Z axis for upper and bottom faces; and (c) zero displacement for lateral faces.

Analysis settings had no automatic mass scaling and a limit of one for the geometric
strain limit, which corresponds to 100%. Because FEM aimed to achieve readings as
accurately as possible regarding thermal variation, all experimental tensile tests were
performed in a laboratory room with temperatures that varied from 19.6 ◦C to 20.4 ◦C.
Thus, for the randomly chosen test for replication, the temperature reading was of 20.1 ◦C,
which was inputted as an initial condition.

FEM is considered valuable because it allows the assessment of potential failure
points that might not be captured in traditional statistical analysis by the identification
of stress concentrations. Enhancing statistical models with physical insight often relies
on statistical variation of outputs (e.g., stress, displacement). In this regard, FEM allows
for the simulation of a wide range of input parameter variations and the incorporation of
physics-based constraints into statistical analysis, thus making it more robust.

2.3. Setup for Scanning Electron Microscopy (SEM)

The 3D-printed samples after breakage were analyzed microscopically and macroscop-
ically using a stereomicroscope and a scanning electron microscope (VegaTescan-LMHII,
SEM, VegaScan, Brno-Kohoutovice, Czech Republic, SE detector, 10 kV gun power supply)
with the software solution VegaTC version 3.5.0.0.

For scanning electron microscopy, the samples were coated with a 7 nm gold layer
using Luxor Au plasma deposition equipment produced by Luxor Tech, Nazareth, Belgium,
after preliminary vacuuming of the enclosure. Images of the setup from the laboratory are
presented in Figure 7.

The analysis followed a standardized protocol: images were converted to 8-bit
grayscale, the scale was set based on the magnification (0.2 mm or 0.02 mm), and regions
of interest were cropped to sizes of 0.12 × 0.12 mm2 and 1.25 × 1.25 mm2, respectively.
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Thresholding was applied using the Otsu method, followed by particle analysis to quantify
surface porosity. Higher magnification images (500× and 1000×) were used to evaluate
micro-void distribution, while lower magnification images (typically 100×) were employed
to estimate the percentage of surface area occupied by interlayer voids.

   
(a)  (b) 

Figure 7. Preliminary steps for SEM analyses: (a) view of setup and (b) sample fixing procedure.

3. Results
Results from tensile tests were recorded and used for a clear view of each type of

filament used, as can be observed in Figure 8, as plots were designed for all 27 samples.

 
(a) 

 
(b) 

Figure 8. Cont.
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(c) 

Figure 8. Plots: (a) temperature variation; (b) load; and (c) displacement.

3.1. Statistical Analysis Results

Data evaluation was performed using Minitab 20 software. Analysis of variance
(ANOVA) was conducted at a significance level of α = 0.05. To enable comparison across
different units and variable types, all variables were standardized by subtracting the mean
and dividing by the standard deviation. The Taguchi L27 orthogonal design was used
because the study aims at statistical relevance, which can be achieved by a wider array of
tested specimens. Beginning with the fracture temperature response, the Pareto chart from
Figure 9 indicates that material type exerts the most significant influence [21]. The material
flow directly influences the raster width and, consequently, the contact area at the interface
level in the way that a slight increase results in an additional volume of molten material,
which tends to fill the voids between adjacent rasters. This surplus partially overlaps the
previously deposited ones, thereby enhancing interlayer adhesion and contributing to
increased tensile yield and strength. It is highlighted that the interaction between raster
height and raster width plays a critical role in determining the tensile properties, as it
affects the cross-sectional geometry of the rasters.

 

Figure 9. Pareto chart of the standardized variable effects for the samples’ temperature at fracture.

As shown in Table 3, the material parameter achieved an F-value of 4.29 and a p-value
of 0.03. Although the other main factors also affected the temperature response, their
individual effects were less significant than certain interaction effects. In particular, the
raster width × material flow and raster height × raster width interactions demonstrated
statistically significant contributions to fracture temperature variation [22].
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Table 3. Analysis of variance of the sample’s temperature at fracture.

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value

Regression 8 121.530 64.50% 121.530 15.1912 4.09 0.006

Raster height (mm) 1 6.456 3.43% 6.456 6.4560 1.74 0.204

Raster width (mm) 1 0.605 0.32% 0.605 0.6050 0.16 0.691

Material flow (%) 1 5.423 2.88% 5.423 5.4230 1.46 0.243

Test speed (mm/min) 1 3.661 1.94% 3.661 3.6610 0.99 0.334

Material 2 66.641 35.37% 31.860 15.9300 4.29 0.030

Raster height × Raster width 1 17.613 9.35% 17.613 17.6131 4.74 0.043

Raster width × Material flow 1 21.131 11.22% 21.131 21.1313 5.69 0.028

Error 18 66.877 35.50% 66.877 3.7154

Total 26 188.407 100.00%

The factorial plots in Figure 10 reveal that the highest fracture temperature occurred in
ASA samples printed with a raster height of 0.25 mm, a raster width of 0.7 mm, a material
flow of 105%, and pulled at a speed between 50 and 100 mm/min.

Figure 10. Factorial plots for the samples’ temperature at fracture.

Regarding the load capacity response, the Pareto chart from Figure 11 confirms
that material type again plays a dominant role, with an F-value of 334.31 and a p-value
below 0.001.

In this case, additional main effects also contributed significantly, specifically raster
width, raster height, and material flow, in descending order of influence [23]. Pulling speed
did not show a statistically significant effect. Furthermore, the raster height × raster width
and raster height × material flow interactions significantly influenced the load-bearing
capacity, as shown in Table 4.
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Figure 11. Pareto chart of the variable standardized effects for the tensile load.

Table 4. Analysis of variance of the samples’ tensile load (kN) at peak.

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value

Regression 7 4.24848 97.55% 4.24848 0.60693 108.19 0.000

Raster height (mm) 1 0.03092 0.71% 0.03092 0.03092 5.51 0.030

Raster width (mm) 1 0.03957 0.91% 0.03957 0.03957 7.05 0.016

Material flow (%) 1 0.02880 0.66% 0.02880 0.02880 5.13 0.035

Material 2 3.89919 89.53% 3.75072 1.87536 334.31 0.000

Raster height × Raster width 1 0.12712 2.92% 0.12712 0.12712 22.66 0.000

Raster height × Material flow 1 0.12288 2.82% 0.12288 0.12288 21.91 0.000

Error 19 0.10658 2.45% 0.10658 0.00561

Lack-of-Fit 1 0.01338 0.31% 0.01338 0.01338 2.58 0.125

Pure Error 18 0.09320 2.14% 0.09320 0.00518

Total 26 4.35506 100.00%

The factorial plots in Figure 12 indicate that the highest load capacity was achieved in
rPETG samples printed with a raster height of 0.25 mm, a raster width of 0.5 mm, and a
material flow rate of 105%.
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Figure 12. Factorial plots of the samples’ tensile load at peak.

3.2. Finite Element Analysis (FEM) Results

Belgen et al. have pioneered measurements of thermal infrared radiation as a valuable
tool in the assessment of mechanical properties through their stress pattern analysis by
measurement of thermal emission (STATE) proposal [24]. Others have followed and have
established a ground basis for future research [25,26].

Results were requested as equivalent stress evaluated under von Mises criteria. We
know that the force F measured in a uniaxial tensile test is used to compute the nominal
stress σ by the following:

σ =
F

A0
(1)

where A0 is the cross-sectional area of the specimen.
Under uniaxial loading, the von Mises stress σv is given by the following:

σv = σ (2)

However, in a general 3D stress state, the von Mises stress is calculated as follows:

σv =

√
1
2

[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2
]

(3)

For a uniaxial tensile test, the principal stresses are the following:
σ1 = σ, which is applied stress in the tensile direction;
σ2 = 0, assuming no lateral stress in transverse directions;
σ3 = 0, assuming no lateral stress in the thickness direction.
Substituting these into the von Mises equation,

σv =

√
1
2

[
(σ − 0)2 + (0 − 0)2 + (0 − σ)2

]
(4)

we get

σv =

√
1
2
[σ2 + σ2] (5)
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It results in the following:

σv =

√
2σ2

2
= σ (6)

The von Mises stress simplifies to the following:

σv = σ =
F
A

(7)

Thus, in simple uniaxial tension, the von Mises stress is equal to the applied tensile
stress, which is directly proportional to the force registered in the tensile test [27].

FEM shows a maximum value of 33.152 MPa (see Figure 13a) and averages for the
mentioned value at 1.7474 MPa. Given that if we are to obtain direct proportionality, we
would expect σv = k·F, that would result in 1.02 for the k constant, which is consistent
with the mathematical model given that this is an ideal simulation setup. Fracture shape
and size are considered consistent between FEM and experimental tests in terms of visual
conformance, as can be observed when compared to the image from Figure 13b.

(a) 

 
(b) 

Figure 13. Graphical representation of a specimen: (a) simulation given equivalent (von Mises) stress
distribution and (b) intermediate sample after the tensile test.

By further exporting obtained results to the Steady-State Thermal module of Ansys,
it was aimed to highlight thermal variation and distribution up to the necking stage. As
it is known, fracture in a tensile test occurs after the material has exceeded its ultimate
tensile strength (UTS). Out of the four stages it undergoes (i.e., elastic deformation, plastic
deformation, necking, and fracture), FEM resulted in temperature values that were retrieved
upon initiation of the third stage, whereas ultimate tensile strength is reached, the material
reaches its maximum load capacity. That is because after necking, as the cross-section
reduces, stress concentrates in the necked region.

The 20.1 ◦C temperature value was maintained and assigned to the entire body. The
results show a similar distribution as the one recorded by the thermal camera in the
experimental test sessions. The simulation peak at 27.043 ◦C is close to the 27.3 ◦C recorded
by the thermal capture equipment (see Figure 14). The difference between values is
explained by quantifying the margin of error. First, it starts by computing the absolute
difference between the presented values:

Margin of Error = |27.3 − 27.043| = 0.257 ◦C (8)
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The resulting value gives the possibility to compute relative error as follows:

Relative Error =

(
0.257
27.3

)
× 100 ≈ 0.94% (9)

The computed deviation is less than 1%, which is typically found acceptable in thermal
simulations. One has to take into account experimental uncertainties such as the precision
of the sensor with ±2% error, ambient conditions, which may include uncontrolled airflow
or heat losses, and even a slight spatial deviation when placing the probes from the
modelled location. FEA modelling assumptions include material properties and possible
mesh resolution.

The image in Figure 14b shows a screen capture from a video file and therefore is not
at high resolution. Because the camera captures the evolution of temperature during tensile
tests, it shows multiple values such as the ones for spot measuring at a specific moment in
time as well as the last significant value recorded during the process.

 
(a) (b) 

Figure 14. Graphical representation of thermal distribution: (a) according to FEM and (b) recorded
live by thermal camera.

The results show that as a material deforms, mechanical work is converted into heat
due to plastic deformation and internal friction. The temperature rises due to the strain rate
because if we achieve a faster deformation than more heat accumulation will occur as it is in
the present case. Again, given the four stages of tensile tests that the specimen undergoes,
one may conclude that, after yield strength, the temperature starts to increase, with the
mention that higher strain rates lead to a more pronounced rise. Before fracture, localized
temperature spikes in the necking region occur as thermal softening may accelerate failure
by reducing local material strength. This phenomenon has been captured by FEM. As
expected for the ABS, under load, the material shows a rather sharp temperature increase
before fracture, which suggests significant plastic work absorption.

By corroborating simulation results with those obtained during experimental tests,
one may observe the benefits of using thermal capture equipment in the form of the
design of materials for high-temperature environments or high-strain-rate applications
(e.g., aerospace and automotive), as well as being useful in fracture mechanics modelling,
which may lead to improved failure predictions.

Authors recommend treating results with care since FEM uses an ideal model. Future
analyses may take into account that some materials may exhibit slight cooling due to
thermoelastic effects, which are interpreted as entropy changes. In addition, the material’s
thermal conductivity may be assessed by means of thermal imagining, which would capture
how quickly heat dissipates.
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3.3. Scanning Electron Microscopy (SEM) Results

From a macroscopic point of view, all samples showed, in the middle area and espe-
cially on the edges, whitening of the material during the tensile test, until breaking, and
afterward, it persisted (Figure 15).

   

 

(a)  (b)  (c) 

Figure 15. Snapshots of optical insights of various fractured samples: (a) ASA fractured sample;
(b) ABS fractured sample; and (c) detail of the ABS fractured sample.

When 3D-printed plastic samples turn white at the break area after a mechanical test,
it is usually due to plastic deformation and microstructural changes in the material. The
whitening is primarily caused by light scattering from internal damage (crazes, cracks, and
voids) or changes in material structure caused by mechanical stress.

Under mechanical stress, microscopic voids and fibrils form in the polymer matrix—
this is known as crazing. A more detailed explanation states that crazing is a stress-induced
phenomenon in thermoplastics, where localized areas of plastic undergo microcrack for-
mation. These microcracks are often filled with oriented polymer fibrils that can still carry
load, making crazing a precursor to cracking, but not yet full structural failure, and they
appear as white, hazy lines or zones, typically perpendicular to the direction of stress. Is
common in amorphous thermoplastics like PLA, ABS, and PETG [28].

A different factor that can influence color change is plastic deformation through local
yielding that leads to morphological changes in the polymer matrix. Commonly, crazing
can manifest in 3D-printed samples due to residual stresses, material choice, environmental
exposure, and processing conditions.

This whitening phenomenon originates at the center (highest stress concentration
zone) and spreads toward the edges, especially being noticeable at surface layers where
deformation is the most visible. It persists after fracture, which is an indication of permanent
structural changes, as well as of ductile-to-brittle transition under certain raster angles or
loading conditions [29].

First, we have analyzed SEM images (five for each sample) to determine the poros-
ity and layer voids area of the samples using the ImageJ 1.54g (Wayne Rasband and
contributors National Institutes of Health, Bethesda, MD, USA) image analysis software.
For porosity, areas of 0.12 × 0.12 mm2 were analyzed and the results showed a higher
porosity for samples 4.4, 5.5, and 12.3 (with values of 4.1%, 2.83%, and 2.09%, respec-
tively), while samples 14.5, 22.2, and 23.2 had lower porosities below 1%: 0.9%, 0.3%, and
0.5%, respectively.
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Regarding the analysis of layer voids and their distribution on the surface of the
samples, five determinations were also performed; analyses on a surface of 1.56 mm2 and
the following average values were obtained: for sample 4.4, 2.4%, for sample 5.5, 1%,
sample 12.3, 6.9%, sample 14.5, 4.8%, sample 22.2, 1.1%, and sample 23.2, 3.1%.

Two SEM samples of each material were chosen to be presented. Graphical images
were obtained at different magnification factors. It was chosen to present instances of both
macro- and micro-scale with different topology and distribution of fractures so that for
each material differences would be highlighted (see Figure 16).

Figure 16. SEM related images of 3D-printed fractured samples at different magnification factors:
(a) ABS 25x, sample 4.4; (b) ABS 25x, sample 5.5; (c) ASA 25x, sample 12.3; (d) ASA 50x, sample
14.5; (e) rPETG 25x, sample 22.2; (f) rPETG 50x, sample 23.2; (g) ABS 500x, sample 4.4; (h) ABS 500x,
sample 5.5; (i) ASA 250x, sample 12.3; (j) ASA 250x, sample 14.5; (k) rPETG 500x, sample 22.2; and
(l) rPETG 500x, sample 23.2.

It can be observed that each material is behaving differently. The results confirm the
general knowledge about the three materials: the most ductile is recycled PETG, which
typically has high elongation at break, often 20–30% or more; ASA comes next with a
typical elongation at break around 10–20%; and ABS being the less ductile among the three,
with elongation at break, usually around 5–15% [30]. In the case of ABS, one may observe
that layer voids are in a straight line because of sudden fracture, and at the macro-level, the
void keeps it shape as it elongates very little. In addition, on edges, one may observe the
stacking of fibers, thus confirming the hypothesis of the proposed printing strategy. With
ASA, layer voids are beginning to flatten as debonding occurs within the tested specimens
(see Figure 16j). It makes fibrils break away and stack upon each other as voids begin to
derail from straight lines. rPETG samples suffer the most, as full detachment is present
between the layers as voids get flattened out towards the margins of the specimen. Some
break away and form thin filiform threads (see Figure 16f).

The formation of flakes is also notable in the case of rPETG. It refers to thin, shard-like
fragments that peel or splinter off from the fracture surface during or after the failure of a
tensile specimen that are not smooth or ductile tears but rather brittle, lamellar separations
or delaminated fragments from the fracture plane. Their formation may be caused by the
fact that recycled PETG’s often consist of a mix of degraded polymer chains, contaminants,
or additive residues. In this case, thermal evolution has a significant influence as molecular
weight reduction from thermal history leads to temporal loss of ductility. Of course, one
must take into account the fact that the proposed strategy of printing using rPETG is
layer-by-layer, which leads to anisotropic strength that under stress delaminates, producing
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flake-like fracture patterns, especially along layer lines or flow lines (see Figure 16k).
Repeated melting during recycling may also create heterogeneous crystallinity, which
amplifies flaking.

4. Conclusions
When assessing thermal evolution, implications during tensile fracture refer to ma-

terial intrinsic properties: ABS and ASA both have low Cp and k, which leads to more
pronounced local temperature rise where it is presumed that heat remains localized, poten-
tially softening the fracture zone. rPETG has a slightly higher Cp and k, therefore allowing
for more thermal buffering and less localized heating but slower temperature spikes. One
may conclude that the temperature rise during fracture is affected by how well the material
absorbs (Cp) and dissipates (k, α) the heat generated during deformation. Tensile testing-
wise, under smaller loads, ASA samples showed greater displacements. ABS samples need
sustained loads, generally greater than ASA but do show cleaner, sharp fractures. The
rPETG samples require the greatest loads among all but show displacements similar to
ABS in values.

The present study focused on evaluating material behavior under quasi-static loading
conditions using fixed strain rates. While this approach provides valuable insights into
baseline mechanical performance, it is recognized that real-world applications often involve
dynamic or impact loading with variable strain rates. Future work will aim to address
these conditions to offer a more comprehensive understanding of the material response
under practical service environments.

Scanning electron microscopy revealed that fracture surfaces of ASA material samples
exhibit the smallest dispersion in fracture shape. Flakes are more pronounced in the case of
rPETG given its modified form. Poor thermal bonding or oxidation may further weaken
polymer chain entanglement as under an SEM microscope; fibrillar pull-out and voids
between flakes may be observed. ABS samples are the cleanest ones in terms of fracture
because of sustained loads and small displacements after tensile testing.

The combination of 3D-printed specimens, tailored process parameters, controlled
testing conditions, and thermal imaging has proven effective in establishing a coherent ther-
mal measurement system. The proposed approach demonstrated sufficient sensitivity in
detecting variations in mechanical response in tensile testing. This unified methodology rep-
resents a viable alternative to conventional sensor-based systems, offering a non-intrusive,
flexible, and cost-effective solution for real-time thermal evaluation in experimental and
applied research contexts.
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Abbreviations
The following abbreviations are used in this manuscript:

ANOVA analysis of variance
DOE design of experiments
FEM finite element method
SEM scanning electron microscopy
DSC differential scanning calorimetry
TGA thermogravimetric analysis
PLA polylactic acid
TPU thermoplastic polyurethane
CF-PLA carbon fiber-reinforced polylactic acid
PMMA polymethyl methacrylate
Tg glass transition temperature
GRA grey relational analysis
TC thermal conductive
TTS time–temperature superposition
UTS ultimate tensile strength
CPPS cyber–physical production system
FEA finite element analyses
FDM fused deposition modelling
ABS acrylonitrile butadiene styrene
ASA acrylonitrile styrene acrylate
rPETG recycled polyethylene terephthalate glycol-modified
PET polyethylene terephthalate
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Fused deposition modeling (FDM) is the most widely used additive manufacturing technology due to its simplicity and
undeniable advantages. In the current context, marked by the orientation towards a sustainable bioeconomy, research focuses
on the development and use of biodegradable materials, of which wood-polymer composites (WPC) have gained increased
interest in recent years. The purpose of this work is to investigate the dimensional and shape accuracy of parts made by FDM
technology from a wood-based polymer, with an emphasis on the accuracy of the holes and the quality of the surfaces
obtained. The research methodology is based on a complete factorial plan, analyzing the influence of some process parameters
on the performance of the parts. The results are compared with those obtained for similar parts made of PLA under the same
printing conditions. The findings highlight the critical factors that influence geometric accuracy and surface appearance,
highlighting the advantages and limitations of using sustainable materials in additive manufacturing.

Keywords: dimensional accuracy; FDM; hole accuracy; PLA; shape accuracy; wood-polymer composite

1. Introduction

Additive manufacturing (AM) is a technology in full ascen-
sion and development. The rapid growth of this technology
is mostly related to its high potential. AM can help improve
the efficiency of manufacturing by reducing the manufactur-
ing time and production costs. Fused deposition modeling
(FDM) belongs to the material extrusion (MEX) family of
AM processes, as defined by ISO/ASTM standards [1].and
is one of the most commonly known and widely used tech-
niques of the AM. FDM has prevailed due to its simplicity
and accessibility, being used both in prototype applications
and in the production of functional parts. However, parts
obtained through FDM often present challenges related to
dimensional and shape accuracy, as well as surface quality,
critical aspects of mechanical components. Also, most of
the materials that are used in 3D printing have high costs
and raise a series of problems related to environmental
sustainability.

In parallel, current sustainability requirements have
directed research towards biodegradable materials and bio-
based composites, such as polymer–wood composites.
WPC is the acronym usually used when referring to wood-
based polymers or wood-plastic composites. These materials
are composite materials obtained by a polymeric matrix and
wood particles that typically result from industrial waste
such as sawdust, wood shavings, or reclaimed wood. The
use of recycled materials helps reduce the environmental
impact, promotes sustainable resource use, and lowers the
amount of waste going to landfills. The European bioecon-
omy strategy highlights the use of wood as one of the corner-
stones for sustainable economic growth [2, 3].

Even if these materials offer promising opportunities,
they raise additional difficulties in controlling dimensional
deviations and geometric quality of printed parts.

Wood-polymer composites can be used to create a wide
variety of parts and products in various industries, from fur-
niture and construction parts to automotive components
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such as interior panels, trunk liners, and flooring. The main
advantages of these materials are durability, weather resis-
tance, and flexibility in design. In addition, WPC parts com-
bine some of the environmental advantages of wood with the
durability of polymers, resulting in materials that are more
resistant to moisture and biological degradation and gener-
ally require less maintenance than natural wood in certain
applications. However, the incorporation of wood fibers or
particles into a polymer matrix presents several challenges,
such as particle agglomeration, void formation, poor adhe-
sion between fibers and matrix, printer nozzle clogging due
to filler inclusions, longer curing time, and additional
stresses in the material [4].

AM with wood composites faces challenges such as pro-
cessing difficulties in extrusion and part production, espe-
cially concerning the dimensional stability of components
and the material's brittleness based on the wood content's
loading level, along with impacts on the polymer's crystalli-
zation behavior during processing. In some instances, the
mechanical and physical characteristics of printed parts
may come close to the property range of traditional wood
composites like particleboard, fiberboard, and wood-
thermoplastic composites [5].

Findings indicate that FDM manufacturing at various
printing speeds significantly influences the surface color,
surface roughness, density, and compressive characteristics
of the WPC part produced by FDM printing [6]. Another
study [7] indicates that fill density is the most critical factor
affecting tensile strength, with building orientation and layer
height next in significance, whereas printing speed appears
to have no considerable impact on the mechanical properties
investigated.

In addition to offering excellent mechanical characteris-
tics, the wood-polymer composite material has been
reported by Mazlan et al. [8] to enhance dimensional accu-
racy by ensuring stability throughout the printing process
of thin-walled parts. The study also showed that wood-
based polylactic acid (PLA) aids in minimizing the warping
effects commonly seen in thermoplastic materials. Good
accuracy for the 3D printed wood-based polymer composite
parts had also been outlined by Cekic et al. [9]. They demon-
strated that through optimization of the significant process
parameters small variations in the dimensions and form of
the 3D printed part along with improved product quality
can be achieved.

The research carried out in the field of 3D printing PLA-
wood composites is rather recent and is mainly concentrat-
ing on their mechanical properties.

This study is aimed at analyzing the influence of some
3D printing parameters on the dimensional and form accu-
racy of holes in pine-based wood-polymer composite FDM
parts. When printing composites with wood fibers, there
may be some limitations in terms of detail fineness and
dimensional accuracy. Also, uneven distribution of fibers
in the filament can lead to inconsistencies in extrusion.

There are several aspects that must be taken into consid-
eration when printing parts with holes if certain accuracies
must be obtained [10–15]. Besides the usual discussed
machining parameters—the printing speed, printing tem-

perature, layer height—there are also other factors like the
nozzle dimension, infill pattern, infill density, printing direc-
tion, wall thickness, and number of wall loops that can influ-
ence the 3D printed hole accuracy.

Popescu et al. [10] showed that the most relevant process
parameters affecting the holes' dimensional accuracy of 3D
printed PLA parts are the layer thickness and the number
of shells around the holes. Another study carried out by Pet-
ruse et al. [11] reported that when 3D printing, holes'
dimensional deviations were significantly influenced by the
size of the nozzle and the height of the layers, and that sur-
face roughness parameters Ra and Rz are also strongly influ-
enced by the print speed and nozzle size, indicating that
reduced speeds and smaller nozzles produce better finishes.
Boca et al. had investigated the dimensional accuracy of
plastic parts by testing five polymer-based materials (PLA,
ABS, PP, PA, and PET). They concluded that the best hole
dimensional accuracy from the materials used was obtained
for the PLA 3D printed parts. The literature review shows
that most of the existing studies on WPC parts obtained by
FDM have focused on mechanical characterization and gen-
eral surface properties.

In a study published by Jayakumar et al. [16], it was
demonstrated that the Taguchi L9 method can be efficiently
applied to optimize FDM printing parameters, with the infill
pattern and layer height exerting the greatest influence,
thereby ensuring high dimensional and geometric precision
in PLA samples.

Factors such as bed and nozzle temperature, nozzle
diameter, print speed, fill density and angle, as well as layer
height, have been shown to significantly affect the dimen-
sions of FDM fabricated screws and nuts. By adjusting these
parameters, variations of up to 4% were obtained for bolt
diameters and 7% for nut diameters [17]. These findings
emphasize the importance of parameter optimization,
including the interactions between them, to obtain complex
parts with increased precision.

There are studies that evaluate the dimensional accuracy
of FDM parts through indirect measurements such as weigh-
ing. The experimental results in the case of PLA parts
revealed a variation of approximately 8% from the designed
dimensional values [18]. This highlights the need to opti-
mize the printing parameters to improve the geometric fidel-
ity of the components.

Results reported in another study demonstrated that
material type and layer thickness are the most important fac-
tors, contributing 49.25% and 17.97%, respectively, to the
dimensional accuracy of circular geometries, which under-
lines the sensitivity of FDM printing in making holes and
other round contoured shapes [19]. Scanning electron
microscopy analysis revealed significant differences in sur-
face morphology depending on printer and print parame-
ters, providing practical guidance for selecting optimal
settings to achieve superior surface quality and hole accuracy
in FDM parts [20].

Studies have shown that for parts made of WPC, dimen-
sional accuracy and surface quality decrease as the wood
content increases, indicating a greater sensitivity of these
parts to variations in printing parameters [21].
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The holes obtained by 3D printing expose several down-
sides, such as the seam lines between layers, material shrink-
age, and warping phenomenon that compromise the
dimensional accuracy of the printed part. Things get even
more difficult when 3D printing wood-fiber polymer com-
posites. Wood fibers can make the composite more abrasive,
leading to loss of precision. Also, fibers can cause clusters
leading to uneven deposition. From the shrinkage point of
view, the wood-based polymers offer some advantages.
Wood fibers can provide dimensional stability, reducing
shrinkage during cooling. This can help maintain the shape
of the printed part. Although a good mixture between fibers
and matrix can reduce shrinkage, poor compatibility can
lead to deformations.

However, there is little research that addresses in detail
the dimensional and shape accuracy of geometric elements
such as holes, especially in relation to the influence of non-
conventional process parameters such as fill type or rasteri-
zation angles. This gap highlights the need for dedicated
studies that provide a deeper understanding of how these
parameters affect the performance of parts made from sus-
tainable materials. In this context, the objective of the pres-
ent study is to systematically investigate the accuracy and
surface quality of holes made from a polymer–wood com-
posite, compared with PLA, by using a full factorial design.
The results contribute both to the foundation of knowledge
on the behavior of WPC in AM and to the expansion of
the use of bio-based materials in industrial applications.

2. Materials and Methods

The paper analyzes the influence of some nontraditional 3D
printing parameters: the infill pattern, the raster angle, and
number of wall loops on the accuracy of 3D printed holes.
Two types of filaments were used in the tests—a PLA
wood-based polymer and PLA. A different set of experi-
ments were carried out for the two types of filaments. The
wood-based composite filament used was a commercially
available produced by AzureFilm, from Slovakia—PLA
wood pine with 1.75mm diameter [22, 23]. The filaments
compound contains a mix of 60% PLA, with 40% recycled
wood. In order to properly determine the printing capabili-
ties for the WPC filament, a set of experiments using the
same printing conditions was also performed for a 100%
PLA filament. The PLA filament used in the second set of
experiments was premium PLA—Frosty White, produced
by FormFutura, from Netherlands [24, 25].

Three different infill patterns were considered for the
experiments Figure 1. The type of infill will determine to
some extent the expansion and contraction during printing.
It is desirable for the infill to provide a rigid structure, which
can help maintain the shape of the part and prevent warp-
ing. The types of infill chosen in this investigation were: grid,
honeycomb, and aligned rectilinear. Each type of infill has
specific geometric characteristics that influence the struc-
tural performance and accuracy of printed parts. The
geometry of the grid infill contains lines that are arranged
in two perpendicular directions forming a grid of squares
or rectangles. Honeycomb infill mimics the structure of
honeycomb cells, having a hexagonal pattern. The hexago-
nal cells interconnect to form a dense, structurally efficient
network. The aligned rectilinear infill is composed of paral-
lel lines that are aligned in one direction, without forming a
grid. The lines are arranged in layers, with each layer ori-
ented in a single direction. These structures exhibit distinct
mechanical and thermal behaviors, influencing the material
distribution, contractions and deformations of the parts.
Their choice allows the investigation of the effect of the
infill pattern on the dimensional accuracy and geometric
deviations, providing useful information for the optimiza-
tion of the FDM process.

The second input factor is the raster angle, Figure 2. This
3D printing parameter refers to the angle at which extrusion
lines are laid during 3D printing, especially in infill types or
in the part's support structure. An optimized raster angle can
help evenly distribute forces and ensure adhesion between
layers acting on the part, reducing the risk of deformation.
The 90° raster angle was omitted because preliminary studies
and existing literature indicate that it has similar effects to
other angles in combination with these fill types and does
not bring additional information relevant to the purpose of
the analysis.

The third controlled parameter selected in the research is
the number of wall loops (wall layers). An increased number
of wall loops increases the walls' thickness of the part, which
improves strength and durability and provides better sup-
port for the inner layers and infill.

A full factorial design of experiments with three factors
each at three levels was considered for each filament type.
Table 1 presents the input factors chosen in the experiments
and their levels of variation.

To conclude, the choice of these parameters was made
because: infill pattern affects the way the material is distrib-
uted inside the piece, and implicitly, contractions and

(a) (b) (c)

Figure 1: Infill pattern used: (a) honeycomb; (b) grid; (c) aligned rectilinear.
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deformations; raster angle influences the anisotropy of parts
and dimensional deviations in certain directions; the num-
ber of wall loops determines the thickness of the wall and
the stability of the external geometry, having a direct impact
on the accuracy of critical dimensions, such as holes.

The FDM printing was carried out on a Bambu Lab X1
from Austin, Texas, United States desktop printer. The
printing conditions used in the experiments are presented
in Table 2.

The hole dimensional and form accuracy were measured
using a coordinate measuring machine (CMM) Type Wen-
zel LH87, produced by WENZEL Group GmbH & Co. KG
from Germany. The Wenzel LH87 is a high-quality measur-
ing machine, ideal for industrial applications requiring high
precision (up to 0.8μm). The least square computing
method was used for the measurements. After preprobing,
the measurement was carried out automatically, thus elimi-
nating possible human errors. Automatic measurement
was configured to take four evenly distributed points to
ensure complete coverage of the shape, on the circumfer-
ences of three circles arranged at distances of 4mm between
them and 5mm from the upper plane, as it can be seen in
Figure 3.

To evaluate the holes, four points on each circle and
three circles distributed over the height of the part were
used, according to the principles defined in ISO 1101:2017
and ISO 12181, this approach ensuring a compromise
between measurement accuracy and experimental feasibility.

Besides the hole inspection, also the other dimensions
were measured and analyzed. In order to fully establish the
printed part accuracy, the part height and width were also
measured. A profilometer with confocal microscopy and

interferometry produced by Mahr GmbH, Germany type
CWM100 was used to analyze the surface texture and
determine the surface roughness. For a more concise anal-
ysis, an area surface parameter was chosen. The investigate
surface roughness parameter was Sa (μm)—the arithmetical
mean height that measures the average of the absolute
values of the deviations of each point on a surface from a
reference plane (the mean plane). Sa is the 3D equivalent
of the linear parameter Ra, but it considers an entire sur-
face, not just a single profile. After measurements, all the
experimental data was processed by using a specialized sta-
tistic software Minitab 20.

3. Results and Discussion

In the case of 3D printing, the type of filament turned out to
have an extremely pronounced influence on the quality of
the surfaces obtained. The roughness parameters obtained
when printing the polymer composite filament with wood
fibers were on average up to 123.91% higher than the rough-
ness parameters Sa obtained for surfaces printed with PLA
filament.

Figure 4 exposes the differences of surface textures of the
PLA printed parts and the ones printed with PLA wood pine
filament obtained by using the same printing conditions.

The analysis of the topography of the surfaces revealed
significant differences between the parts made with different
filaments. The surface of the part obtained with WPC

TABLE 2: Printing conditions.

Printing temperature 215°C

Bed temperature 60°C

Infill 70%

Layer height 0.2mm

Printing speed inner wall 300m/min

Printing speed outer wall 200m/min

Travel speed 500m/min

Nozzle diameter 0.4mm

TABLE 1: Input factors of the factorial design.

Level
Factor

Infill pattern Raster angle (°) Wall loops

1 Grid 0 4

2 Honeycomb 15 5

3 Aligned rectilinear 45 6

(a)

Raster angle

Wall loops

(b)

Figure 2: (a) Part geometry; (b) controlled parameters: raster angle and wall loops.
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filament shows increased roughness and irregular texture,
indicating a decline in surface quality compared with PLA.
In contrast, the surface of the part printed with PLA filament
has a much more uniform profile with reduced height vari-
ations, characteristic of a print with homogeneous and stable
material. These differences have a direct impact on the
behavior of the parts in functional, esthetic applications
and can also affect part geometrical accuracy. Although the
layer height was kept constant for both filament types, the
obvious differences in deposition width observed in profilo-
metry are explained by the different behavior of the mate-
rials during deposition. Filaments with high viscosity or
inhomogeneous composition tend to create more diffuse
bands with a more flattened relief, whereas homogeneous
and fluid materials, as PLA, maintain a well-defined pitch,
generating a more regular and rhythmic texture.

For parts printed with composite filament, inconsistent
surface texture such as under-extrusion and voids was
observed microscopically in certain isolated areas. These
errors were mainly caused by clogging as it can be seen in
Figure 5. Stringing and artifacts were also observed in certain
cases revealing instabilities in the printing process.

Figure 6 presents the main effects plots obtained after
processing the experimental data for the area surface rough-
ness parameter, Sa.

By analyzing the main effect plots, we can observe that
in the case of WPC filament printed parts, the raster angle
significantly influences the surface quality due to the
anisotropic nature of the material and the tendency of
the wood fibers to align in the extrusion direction. In con-
trast, for the PLA printed parts, the infill pattern has a
more pronounced influence, given the homogeneous
behavior of the material and the way in which the internal
structure influences the geometric stability and stress dissi-
pation during cooling.

As shown in Figure 6, increasing the raster angle
improves the surface quality of both PLA and WPC speci-
mens by promoting better alignment of deposition lines
and reducing visible layer steps. Additionally, the infill pat-
tern affects internal material distribution and layer unifor-
mity, whereas the number of wall loops influences the
thickness and continuity of external walls, directly impacting
surface roughness. These observations highlight the com-
bined effect of process parameters on surface quality.

Figure 3: Hole dimensional and shape accuracy measurement.
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Figure 4: The lateral surface texture: (a) WPC filament; (b) PLA filament.
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The interaction plots for Sa PLA indicate that the effects
of raster angle and wall loops depend on the type of infill; for
example, rectilinear aligned shows a more pronounced
increase in roughness for the 45° angle compared with other
fill patterns, highlighting the importance of considering
interactions in optimizing printing parameters, Figure 7.

Parts printed with pine-PLA WPC filament have a sig-
nificantly rougher surface, and the control of the raster angle
becomes more important to reduce roughness. Raster angle
has the greatest influence on roughness: for both PLA and
WPC printed parts, the 15° angle generates the highest Sa
values, whereas the 45° angle leads to smoother surfaces.
To obtain the smoothest possible surface, it is recommended
to print PLA with grid type infill and a raster angle of 0°–45°,
and for WPC-PLA to use the angle of 45° and 5–6 wall loops.

In Figure 8 the main effect plots for the values obtained
for the hole diameter deviation, εd (mm) after measuring

the hole diameter on the coordinate measuring machine
are presented.

In the case of PLA printed parts, a higher number of wall
loops can assure a better dimensional accuracy of the holes.
This is due to the fact that as the material tends to shrink
slightly when cooling, holes result with smaller diameters
than the one desired. By contrast, results show that for the
WPC composite filament printed parts, the wood fibers
assure better stability and therefore fewer wall loops are nec-
essary to maintain the designed geometry. Too many wall
loops in the case of wood-polymer composites conducts to
the local accumulation of material and reduce accuracies.
The infill type influences the printed hole accuracy due to
the number of contact points between the infill pattern and
wall loops. Small raster angles (0°, 15°) are disadvantageous
for materials with high viscosity such as wood fiber–polymer
composites, as they favor the accumulation of material
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Figure 6: Main effects plots for area surface roughness parameter Sa (μm) of parts printed with (a) pine wood—PLA composite filament; (b)
PLA filament.
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Figure 5: Microscopic images of sample surfaces with inconsistent surface texture.
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towards the interior. At the same time, composite fibers tend
to align along the direction of the print path, and when the
path involves changes in direction at a small angle, the fibers
do not have enough deflection to reorient themselves, which
can lead to: local accumulations of material in the bend areas
or even surface defects due to uneven layer overlap.

When the raster is oriented at a small angle, the material
lines intersect the hole contour more often, thus ensuring
better structure stability in the case of materials such as
PLA that exhibit shrinkage at cooling. This may explain
why lower diameter deviations were obtained when the
prints were carried out with the 0° raster angles.

The reduction in hole diameter accuracy observed with
an excessive number of wall loops in WPC parts is due to
the higher local infill density in the wall regions. As more
wall loops are added, material accumulates in these areas,
affecting the geometry of adjacent features. This effect high-
lights the interaction between wall design and infill on
dimensional precision.

In the analysis of hole accuracy, it was observed that the
type of infill influences the interaction with wall loops not
only through contact points but also through linear contacts,

which determines a larger or smaller contact area between
the infill layer and the part wall. Contact area is a more rel-
evant indicator for assessing structural accuracy, and exper-
imental data show that a larger contact area contributes to
structural stability and reduced hole dimensional deviations
for both PLA and WPC.

Figure 9 presents the main influences exhibited by the
investigated input factors: infill pattern, raster angle and wall
loops over the shape accuracy of the printed holes. For both
types of filaments, the shape accuracy of the printed holes
was better in the case of the grid infill patterns. The interac-
tion between infill and wall loops involves both point and
line contacts. The contact area between infill and wall loops
represents a more relevant indicator for the evaluation of
structural accuracy, and experimental observations show
that a larger contact area contributes to structural stability
and to the reduction of dimensional deviations of the holes.
Also, the larger raster angle (45°) contributes to better geo-
metric stability and uniform deposition in curved areas
assuring improved shape accuracies. The bigger number of
wall loops can improve the strength and integrity of the part,
conducting to better shape accuracies for the PLA and pine
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Figure 8: Main effects plots for diameter deviations of parts printed with (a) pine wood—PLA composite filament; (b)PLA filament.
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Figure 7: Interaction plots for area surface roughness parameter Sa (μm) of parts printed with: (a) pine wood—PLA composite filament; (b)
PLA filament.
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fiber-PLA composite. PLA parts printed at 0° show the
weakest cylindricity. These results highlight that raster angle
influences cylindricity deviations in a more complex way
and depend on the interaction with other printing
parameters.

Regarding the raster angles, the analysis of the cylindri-
city of the PLA parts (Figure 8) reveals that the values corre-
sponding to the 0° raster show the weakest cylindricity,
contradicting the initial claim that small angles would
increase structural stability. These results indicate that the
effect of raster angle on cylindricity deviations is complex
and depends on the interaction with other printing parame-
ters. In conclusion, experimental observations suggest that
optimizing the accuracy of PLA and WPC 3D parts requires
a combined approach, which takes into account both the
type of infill, the number of wall loops, and the raster angles,
in order to achieve superior structural stability and dimen-
sional accuracy.

Also, the results showed that better hole dimensional
accuracy was obtained for the PLA printed parts when hon-
eycomb infill was used. This could be because this type of
infill is based on hexagonal cells, which provides a uniform
distribution of mechanical forces, high stability and more
uniform cooling of the part.

The better hole dimensional accuracy of the pine fiber
composite printed parts with aligned rectilinear infill can
be explained by the fact that compared with the other two
types of infill, this infill assures fewer intersections with the
hole walls.

Analysis of variance, presented in Table 3, shows that
only the number of wall loops has a significant effect on
the deviation from cylindricity (F = 6 94, p = 0 005). The
parameters infill pattern and raster angle do not significantly
influence the shape of the holes (p > 0 05). This suggests that
an increase in the number of wall layers contributes to better
geometric stability of the inner contour and a reduction in
circular distortions.

The improvement in cylindricity observed for certain
infill patterns can be attributed to a more uniform distribu-
tion of contacts between the internal structure and the hole
wall. Although a quantitative characterization of the contact

uniformity for each infill pattern was not performed in this
study, the experimental observations suggest that patterns
with more evenly distributed contacts contribute to higher
structural stability and reduced dimensional deviations.
Future work could focus on quantifying this uniformity to
provide a more precise correlation between infill design
and hole accuracy.

Figures 10 and 11 expose the main effects plots for the
linear dimensional deviations measured for the part
height—εh (mm), and width—εl (mm). Being a material
with high contraction, PLA printed parts resulted in negative
deviations, that is, values slightly lower than the ones
designed. In general, fibers in the WPC composition can
help reduce shrinkage and deformation of the part during
cooling. Pine is a softwood and therefore, the pine wood—-
PLA composite is expected to tend to be more elastic with
greater dimensional fluctuations during cooling and solidifi-
cation, and the dimensions of printed parts resulted in pos-
itive deviation.

For linear dimensions the higher raster angle assured the
best accuracy for the 3D printed parts made of pine WPC fil-
ament. Contrary to the trends identified in the specialized
literature [14] in the experiments carried out on the Bambu
Lab printer, the 0° raster angle led to superior dimensional
accuracy in both linear directions and circular features. This
difference can be attributed to a combination of the mechan-
ical rigidity of the printer, the accuracy of the x-axis (pri-
mary in the 0° raster), the lack of frequent repositioning,
but also the stability of the flow of the PLA material on rec-
tilinear trajectories.
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Figure 9: Main effects plots for the hole shape accuracy (cylindricity) of parts printed with: (a) pine wood—PLA composite filament; (b)
PLA filament.

TABLE 3: Analysis of variance for the linear model of the
cylindricity of WPC printed parts.

Source DF Adj SS Adj MS F value p value

Infill pattern 2 0.000203 0.000102 0.02 0.981

Raster angle 2 0.004189 0.002095 0.41 0.672

Wall loops 2 0.071617 0.035809 6.94 0.005

Error 20 0.103181 0.005159

Total 26 0.179191
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The results highlight the importance of experimental
validation of print settings, as the actual behavior may differ
significantly from that estimated based on generalized
models.

For the WPC printed parts, lower dimensional devia-
tions are obtained for the 45° raster angles, whereas for the
PLA parts, printings carried out with 0° assured more favor-
able effect on the dimensional accuracy. A smaller number
of wall loops can have a favorable effect on dimensional
accuracy per height when printing with PLA, under certain
conditions. When the number of perimeters is reduced,
there is less overlap between the nozzle paths, which can
lessen the build-up of errors at each layer and reduce the
overextrusions of the edges of the part, resulting in a height
closer to the designed one.

Differences in shrinkage and material distribution
depending on the type of infill (grid, honeycomb, and recti-
linear) can slightly change the final dimensions of the parts.
For example, grid-type infill distributes cooling stresses
more evenly, helping to reduce dimensional deviations
across length and width. Increasing the number of wall loops
strengthens the outer walls, limits lateral shrinkage, and
maintains the shape of the part, which leads to a decrease
in the experimentally observed width deviation.

Analysis of variance for the linear model of the length
error of the WPC printed parts, Table 4 shows that the over-

all model is significant (F = 2 93, p = 0 032). Among the ana-
lyzed parameters, the number of wall layers (wall loops) is
the most influential factor, having a significant effect on
the error in length (F = 7 17, p = 0 004), whereas the type
of filling (infill pattern) and the raster angle (raster angle)
have no significant influence (p > 0 05). These results indi-
cate that adjusting the number of wall layers is essential to
improve the longitudinal accuracy of FDM parts.

Analysis of variance for length error of FDM PLA parts,
presented in Table 5 indicates that the linear model is signif-
icant (F = 4 64, p = 0 004). Among the analyzed parameters,
the number of wall loops has a major impact on the

TABLE 4: Analysis of variance for the linear model of the length
error, el.

Source DF Adj SS Adj MS F value p value

Model 6 0.021276 0.003546 2.93 0.032

Linear 6 0.021276 0.003546 2.93 0.032

Infill pattern 2 0.003833 0.001917 1.59 0.229

Raster angle 2 0.000119 0.000059 0.05 0.952

Wall loops 2 0.017324 0.008662 7.17 0.004

Error 20 0.024166 0.001208

Total 26 0.045442
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Figure 11: Main effects plots for the width deviations of parts printed with: (a) pine wood—PLA composite filament; (b)PLA filament.
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Figure 10: Main effects plots for the height deviations of parts printed with: (a) pine wood—PLA composite filament; (b) PLA filament.
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longitudinal accuracy (F = 13 21, p ≤ 0 001), whereas the
type of filling (infill pattern) and the raster angle (raster
angle) have no significant effect (p > 0 05). This suggests
that, for PLA, adjusting the number of wall layers is the crit-
ical factor for controlling length error.

Compared with WPC printed parts, where the number
of wall layers was also the dominant factor, a similarity in
the behavior of the printing parameters is observed: the type
of filling and the raster angle have little influence on the
length error in both materials. However, the magnitude of
the effect for wall loops is more pronounced in PLA, indicat-
ing that the pure polymer material responds more predict-
ably to the change of this parameter, whereas WPC, due to
the presence of wood fibers, shows a more complex and dis-
persed sensitivity to the same parameters. This observation
emphasizes the need to adjust parameters specifically for
the material used to achieve optimal dimensional accuracy.

4. Conclusions

Wood plastic composites are ideal for 3D printing of esthetic
prototypes, decorative objects, or components with moder-
ate loads due to advantages such as increased rigidity, wood
appearance, biodegradability, and easy machining. The
paper presents a comparative analysis of the accuracy
obtained by FDM machining with a commercially available
pine-PLA composite filament and a PLA filament. The
results expose major differences not only in exterior appear-
ance but also in surface roughness, dimensional, and shape
accuracy. The article also investigates the influence of infill
pattern, raster angle, and number of wall loops on the output
parameters mentioned above.

The area surface roughness parameter Sa (arithmetical
mean height) for the lateral surface of the printed parts
was approximately 124.39% higher for the parts made of
WPC than the PLA ones. The hole shape accuracy was
approximately 215.25% higher for WPC parts than PLA.
Pine wood-PLA composite parts resulted in positive devia-
tions for the linear dimensions and negative deviations for
the interior cylindric surface compared with PLA parts that
had negative deviations for all the measured dimensions.
The average deviation of the hole diameters printed with
the PLA filaments and the specific printing parameters pre-
sented in the second section of the paper was −0.126 mm
whereas for WPC parts was −0.671 mm. The part heights
and widths were also significantly lower for the PLA printed

parts. Superior hole accuracies were obtained for the WPC
parts printed with aligned rectilinear infill, 45° raster angles
and the higher number of wall loops, whereas the PLA
printed parts exposed better hole accuracies for honeycomb
infills, 0° raster angles and lower wall loops. For both types of
filaments, the best shape accuracy was obtained with grid
infill, 45° raster angles and the highest number of wall loops.

The grid infill assured better linear dimensional accuracy
for the FDM generated parts. This may be due to the supe-
rior consistent mechanical resistance of the grid structures
and the fact that it assures good layer adhesion and optimal
support for surfaces.
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