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Abstract: 3D printing is a widely used method. In terms of developing components for electronic devices, it is impor-
tant to provide good physical properties of the used dielectric. The main parameters are the optional and stable value
of the relative permittivity and the minimum dielectric losses of the material. The paper focuses on testing the loss
factor and relative permittivity of the following materials: polylactic acid (PLA, in two dye modifications), polyethylene
terephthalate glycol (PET-G) and acrylonitrile butadiene styrene (ABS) in the frequency range of 1-100 MHz. It was
proven that the values of permittivity of the tested materials were 2.9—4.2 and the loss factor was 0.8—4%. Concerning
the relative permittivity, the tendency to show a mild linear drop was observed by increasing the frequency, especially
expressed in the PLA materials. With the loss factor, the PLA materials displayed increasing values with an increasing
frequency, whereas a declining curve was observed in the PET-G materials. The absolute value of the ABS loss factor
varied between 0.9—-1.5%. The reasonable influence of added dyes was elucidated upon.
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3D printing is a widespread and rapidly evolving
technology that has found its application in multi-
ple industrial areas, such as aerospace, the automo-
tive industry, in medical instruments and devices,
spare parts manufacturing, soft robotics or other
technology branches (Ning et al. 2015; Stano et al.
2020; Vujovi¢ et al. 2021). The other area where the
3D printing is starting to be rapidly applied is agri-
culture. Common applications in agriculture are the
rapid prototyping process of spare parts for repair-
ing agricultural machines, harvesting grippers and
for developing capacitive sensors for estimating

the soil moisture (Jiménez et al. 2019; Lukaszewski
et al. 2021; Kurbah et al. 2022). The use of 3D print-
ing for the manufacturing of capacitive probes for
soil moisture measurements is very useful, as this
technology enables the low-cost development and
production of probes with variable dielectric shapes
(Farooqui and Kishk 2018). 3D printing is also used
to develop components of electronic tongue (e-
tongue) devices which are multisensory systems
used in the analysis of complex liquid media based
on the impedimetric principle. In the field of preci-
sion agriculture, these systems allow one to locally
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monitor the level of plant nutrients available in the
soil, with the aim of having a variable-rate fertiliser
application. In the case of e-tongue systems, the 3D
printing using conductive filaments is being tested
as an alternative method of manufacturing the mea-
suring electrodes of the device compared to conven-
tional photolithography. According to (da Silva et al.
2019), electrodes made from 3D printing exhibit
good reproducibility results that are comparable
to traditionally manufactured electrodes.

In the case of our study, the 3D printing technol-
ogy was used to develop a device for the automatic
measurement of the ice thickness for fish farming,
in which the monitoring of ice thickness during the
winter months is an important parameter to ensure
the oxygen supply to the farmed fish. For this pur-
pose, we developed capacitance probe, which was
manufactured using 3D printing.

3D printing provides rapid prototyping, versa-
tility and low production costs (Felicio et al. 2016;
Dichtl et al. 2017; Vesely et al. 2018a). This technol-
ogy is expanding mainly due to the open-source
project of RepRap (self-replicating rapid proto-
typer). From 2004, this branch of 3D printing has
reasonably developed as the technology is cheap
and available for both professionals and home users
(Roberson et al. 2013; Irwin et al. 2015).

Fused Deposition Modelling (FDM) is a very fre-
quently used technique for 3D printing. It is a pro-
duction method called additive manufacturing
(AM), which can be defined as a process of layer-
ing the above-mentioned materials into the shape
of the designed objects (Ning et al. 2015; Vesely
et al. 2018b). At present, these technologies are used
more and more in the automated production of elec-
tronic and electromechanical devices (Espalin et al.
2014). For this reason, the materials must be studied
in terms of their dielectric properties. The direct im-
plementation of an electric component into printed
subjects is an additional argument for further studies
in this field (e.g., electrical conductivity, permittivity,
loss factor, etc.) (Palmer et al. 2006; Lopes et al. 2012;
Wicker and MacDonald 2012; Billah at al. 2019). 3D
printing is also used by number of research labora-
tories in the production of dielectric components,
for instance, antennas (Le Sage 2016; Rashidian
et al. 2016; Helena et al. 2021). The other area where
it is very useful to use 3D printing technology is the
development and manufacturing of capacitance
probes. This technology enables one to create di-
electrics isolators of various shapes and, in a similar

way, this procedure was used in our work to develop
the capacitance ice thickness measurement device.
The evaluation of the developed sensor capacity was
performed by measuring the resonant frequency
of the oscillator tuned circuit in which the capacity
sensor was connected. These probe parts had to be
made of a high-quality insulator that has a constant
relative permittivity and a low loss factor value in the
frequency range of 3 to 10 MHz, which was the in-
tended operating frequency of the measuring device.
For this reason, it was necessary to choose a suitable
material with the appropriate dielectric properties.

FDM is the process based on the extrusion and de-
position of a multi filament in layers to create a final
3D object, where the layers are joined by a polymeri-
sation reaction between the individual layers (Pat-
terson et al. 2019).

The most common used materials for 3D printing
are polylactic acid (PLA), polyethylene terephthalate
glycol (PET- G) and acrylonitrile butadiene styrene
(ABS) (Vesely et al. 2018a).

Compared to PLA, ABS materials are much more
demanding for 3D printing, mainly due to printing
at higher temperatures up to 230-250 °C (Birouas
and Nilgesz 2017), as the printing materials are sub-
jected to large volume changes (thermal expansion)
at this temperature, which results in changes of di-
electric properties (Birouas and Nilgesz 2017). In-
homogeneity of this type can modify the dielectric
properties of final object. Recently, the permittivity
and loss factor of printing materials are known to be
in the range of low frequencies (50—100 Hz, and spo-
radically at 100 kHz) and at ultra-high frequencies
(1 GHz and higher). The parameters that are nec-
essary for the development of our equipment (ice
thickness indicator) and to operate in the frequency
range of 3 to 10 MHz are not published. Dichtl et al.
(2017) studied the PLA properties at frequencies
of 1 Hz to 3 GHz, but only two measurements (1 and
75 MHz) were made in the high frequencies.

It is important to realise that to replace the miss-
ing values by simple extrapolation to the frequencies
that are distant from the exactly tested ones is mis-
leading because each relaxation process causes drop
in the permittivity and a local increase in the loss
factor in the dielectric material related to its time
constant. The typical course of this phenomenon
is shown on Figure 1 and Figure 2, where the drop
of permittivity and increase in the loss factor due
to relaxation process with a time constant 10~’s
is shown. This influence is the most pronounced
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Figure 1. Frequency dependence of the normalised relative
permittivity (Havriliak and Havriliak 1997)

at the angular frequency corresponding to the in-
verse value of the time constant (Havriliak and
Havriliak 1997). The phenomenon can occur in ar-
eas one decade wide above and below this frequency.
Polarisation does not occur in more remote areas.

It is not possible to deduce the properties of di-
electrics in the field of high frequencies (HF) from
the results of the available publications. The values
of dielectric properties of the basic materials under
the same conditions that have been published in dif-
ferent publications differ by tens of percent (Booth
et al. 2017; Novac et al. 2017). The phenomenon
is probably caused due to the existence of many re-
laxation processes in the basic materials and mainly
due to the existence of other admixture composites.
Therefore, it is necessary to get acquainted with the
properties of materials used for 3D printing in more
detail. This paper is focused on the comparison of di-
electric properties, such as the loss factor and relative
permittivity of the applied materials, which have not
yet been studied extensively and more precise values
have not been possible to obtain from manufacturers
of printing materials due to production secrets.

MATERIAL AND METHODS

Tested samples. The tested samples were prepared
as a square-shaped plate with a side length of 70 mm
and a thickness of 1.6 mm (Figure 3), which were
made of PLA, PET-G and ABS. The PLA samples
were fabricated in two different colours (silver and
metallic green) to compare the effect of the pigment
dye on the dielectric properties of the material. The
samples of the remaining materials were made in one
colour, PET-G in ultramarine blue and ABS in silver.
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Figure 2. Frequency dependence of the loss factor tgd
(Havriliak and Havriliak 1997)

The samples were printed with a Prusa i3 MK3 3D
printer (Prusa Research, Czech Republic) (FDM tech-
nology) which is based on the RepRap concept. All
the samples were printed at a resolution of 150 pum,
with a fill density of 100% and a fill angle of 45°. The
tested sample parameters, including the print set-
tings, are summarised in Table 1.

Measuring the dielectric properties. HP 4291A
and Agilent 4991A impedance/material analysers
(Agilent Technologies, USA)were used for the meas-
urements. As the HP 4291A is more precise in eval-
uating high impedances, it was especially used for
measurements at the lowest frequencies where the
impedance of the measuring capacitor is high.

The Agilent 16453A dielectric material test fixture,
which is an accessory of both impedance/material an-
alysers, was not used for the measurement, as its use
would lead to significant measurement inaccuracies.

1.6 mm

70 mm

70 mm

Figure 3. Dimensions of the sample with details of the
sample thickness (thickness of 1.6 mm)
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Table 1. Sample properties and printing settings.
.Samp.le . Material Colour Printing Prir.lting Filament . Filament
identification temperature (°C) resolution (um) manufacturer diameter (mm)
PLA-Silver silver

PLA 210
PLA-Metallic Green metallic green

150 Filament PM 1.75

PET-G PET-G ultramarine blue 240
ABS ABS silver 255

PLA - polylactic acid; PET-G — polyethylene terephthalate glycol; ABS — acrylonitrile butadiene styrene

According to the manufacturer (Agilent Technolo-
gies 2003), it has a typical inaccuracy in measuring
permittivity of approximately 50% for samples with
a thickness of a few millimetres and a relative permit-
tivity of the order of units at frequencies below 4 MHz
and 15 to 25% in the frequency range 15 to 100 MHz.

Therefore, a measuring fixture of our own design
with a three-plate measuring capacitor arrange-
ment with an electrode area of 40 cm? was used.
It has an approximately two orders of magnitude
larger measuring capacity that allows approxi-
mately a tenfold reduction in the measurement er-
ror in the frequency range up to 100 MHz com-
pared to the Agilent 16453A dielectric material test
fixture. The measuring fixture with a sample was
connected to the impedance/material analyser via
an HP 16093A Binding Post Fixture.

The Agilent 4991A testing device is shown
in the Figure 4. It consisted of the above-mentioned
the Agilent analyser, an HP 16093A Binding Post
Fixture and the measuring fixture of our own design
with the analysed sample.

The evaluation was realised in the range
of 1-100 MHz. The circuit diagram is shown in Fig-

measuring fixture

HP 16093A Binding Post Fixture

testing sample

Figure 4. Testing workspace equipped by an Agilent 4991A
impedance/material analyser

ure 5. The measuring device provides the circuit
parameters — total capacitance (C,) and its qual-
ity factor (Q). The relationship between these two
parameters is described by Equation (1). The total
capacitance consists of the parasitic capacitance
of the supply conductors of the electrodes (C,,,) and
the capacitance of the tested sample (C;). The loss
factor (tgd) is then calculated from the data (Q) ac-
cording to Equation (2).

Q:wapxR (1)

where: Q — capacitance quality factor (-); C, — total
capacitance of the measured system (F); R — sample loss
resistance (Q).

=100 G
- ac.

1

g8 =100~

(2)

where: tgd — loss factor of the sample (%), C, — capaci-
tance of the measured sample (F).

The value of the relative permittivity is de-
termined proportionally from the capacitance
of examined sample and the capacitance of the
Teflon standard. Conversion is preformed using
the Equations:

Cs = Cp - Cpar (3)
t= Cp - Cpar (4)
CStS

€ =&

T (5)
L Sample

Measuring C
device P Cpar 2220 R —— Cs

[}

Figure 5. Block diagram of the measuring system
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Figure 6. Frequency dependence (f) of the relative permit-
tivity (e,) of the selected materials

PLA — polylactic acid; PET-G — polyethylene terephthalate
glycol; ABS — acrylonitrile butadiene styrene

where: C,,,, — parasitic capacitance of the measuring wires
(1.78 pF); C, — capacitance of the Teflon control sample
(pF); €, — relative permittivity of the measured sample (-);
g — relative Teflon permittivity (2.1); £, — sample thick-
ness (mm); t, — Teflon standard thickness (1 mm).

Statistical analysis. The raw data for construc-
tion of the graphs were processed by the statistical
method of a simple moving average (10 was the base
of the period). This data processing was performed
for a better graphical data presentation. Similarly, the
raw data were used for the evaluation of the relative
permittivity and loss factor, the measuring interval
was divided into three intervals (1-4.9, 5-49.9 and
50-100 MHz). The frequency range was divided into
these three intervals for the more precise descrip-
tion of the measured material parameters. The aver-
age and standard deviation of the relative permittiv-
ity and loss factor were calculated for each interval.

https://doi.org/10.17221/10/2022-RAE
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Figure 7. Frequency dependence (f) of the loss factor (tgd)
of the selected materials

PLA — polylactic acid; PET-G — polyethylene terephthalate
glycol; ABS — acrylonitrile butadiene styrene

RESULTS

The results are presented in Figures 6 and 7. The
graph in Figure 6 expresses the frequency rela-
tions of the relative permittivity of all the tested
materials (PLA-Silver, PLA-Metallic Green, PET-G
and ABS). It can be seen that the permittivity values
were in interval 2.9-4.2. The curves of the PLA-Me-
tallic Green and ABS are practically identical. The
PLA-Silver and PET-G differed in the absolute values
— the average absolute value in PLA-Silver was 3.12
(1-4.9 MHz; Table 2), whereas a relative permittivity
of 4.21 was found for PET-G at the same frequency.
Through measurement in the interval 1-100 MHz,
the permittivity value insignificantly changed hav-
ing a practically linear shape in all the curves and
a slightly decreasing tendency was observed in the
higher frequency region. It was ascertained that
both the PLA materials (different colours) differed

Table 2. Statistical evaluation of the measured data of the relative permittivity (¢,) and the loss factor (tgd)

1-4.9 MHz 5-49.9 MHz 50-100 MHz

Sample € tgd € tgd € tgd
identification aver. error aver. error aver. error aver. error  aver. error aver. error

) (%) (=) (%) &) (%)
PLA-Silver 3.12 0.31 0.85 0.13 3.04 0.06 1.99 0.2 2.94 0.04 3 0.3
giﬁe'yetamc 345 0.35 074 011 34 007 076 008 3.32 0.05 149 0.5
PET-G 4.21 0.67-0.84 2.36 0.35 4.06 0.2 229 0.23 3.99 0.06-0.08 1.87 0.19
ABS 3.45 0.55-0.69 1 0.15 3.41 0.17 1.33  0.13 3.38 0.05-0.07 1 0.1

aver. — average value of the relative permittivity and loss factor; error —standard deviation of the relative permittivity
and loss factor; PLA — polylactic acid; PET-G — polyethylene terephthalate glycol; ABS — acrylonitrile butadiene styrene
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in the absolute value of the permittivity, but the
slopes of the curves were the same.

The frequency dependence of the loss factor of the
tested materials is summarised in Figure 7. It can
be seen the values of the loss factor were 0.8—4%
in tested interval. The PLA-Silver and Metallic Green
curves shoved a similar general shape with a slightly
increasing absolute value of the loss factor in the
region of higher frequencies. The maximal increase
was in the range 70-100 MHz. However, these two
curves substantially differed by their course in the
interval 1-20 MHz. Here, the relative significant and
linear increase in the loss factor was found in the
PLA-Silver compared to the PLA-Metallic green.
Both curves have a similar and parallel shape from
a frequency of 20 MHz. The frequency dependence
of the loss factor of the remaining two materials dif-
fered, especially in the absolute values. In the ABS
material, this parameter slightly varied in the inter-
val 1-1.5% whereas in the PET-G material, it had
a rather descending tendency (2.5 to 1.8%).

The particular values of the relative permittivity and
loss factor in the assessed frequency intervals are sum-
marised in Table 2. The examined range was divided
into three intervals: 1-4.9, 5-49.9 and 50-100 MHz.
The directly measured data were subsequently pro-
cessed statistically (average and standard deviation)
and, in this manner, the tabulated data are provided
for potential practical use. Of course, the data fully
correspond to the data in the graphs (Figure 6 and 7).

The values of the relative permittivity of the PLA-
Silver and PLA-Metallic Green show the difference
in the entire measured range. In all three frequencies
ranges (1-4.9, 5-49.9 and 50-100 MHz), the differ-
ence was set to 0.33, 0.36, and 0.38.

The difference between the loss factors of both
PLA materials reached 0.11%, 1.23% and 1.51% in all
three above-mentioned intervals.

DISCUSSION

The results show that values of the relative permit-
tivity varied between 2.9-4.2 and the values of the
loss factor were in the range 0.8—4.0%. These results
showed the additional important fact that, in terms
of the relative permittivity, the PLA materials exhibit
a linear relationship within the entire examined fre-
quency range. Moreover, a very mild decrease in the
permittivity was observed with the increasing fre-
quency. The frequency dependence of the relative
permittivity of the PET-G and ABS materials mani-

fested itself as a slightly decreasing one with the in-
creasing frequency.

As regards to the loss factor, the most suitable
one for electrical applications appears to be PLA-
Metallic Green, whose factor reached its lowest val-
ues up to 70 MHz and showed a minimal frequency
dependence. The results are in concordance with
those of Dichtl et al. (2017). At higher frequencies,
however, it exhibited an exponential increase which
reduces its use up to this limit. Another material
that appears to be suitable in terms of the loss fac-
tor is PET-G, which reached, in general, the small-
est frequency dependence within the entire meas-
ured range, but, at the same time, it is disadvantaged
by significantly higher values at lower frequencies
(up to 30 MHz). ABS can be suitable as well due
to the low values of the loss factor (0.9-1.5%) over
the whole measuring range and the small curve
changes in the middle part can be considered insig-
nificant. The PLA-Silver material appears to be less
suitable in this respect due to the higher frequency
dependence within the entire measured range. The
difference between these two PLA materials is prob-
ably caused by using different dyes. A similar phe-
nomenon was observed with the PLA materials
by Vesely et al. (2018a).

It should also be noted that additional differences
were observed between the individual PLA materi-
als concerning the loss factor. This phenomenon can
be explained by the different composition of the dyes
in both materials, which was also described by Ves-
ely et al. (2018a).

CONCLUSION

Today, 3D printing is a widespread and rapidly de-
veloping technology due to the possibility of rapid
prototyping and low production costs. In the field
of agriculture, this technology is now mainly used
in the development of spare parts for agricultural
machinery, harvesting grippers, as well as in capaci-
tance and chemical sensors. In the field of sensor de-
velopment, this technology represents an alternative
to conventionally used manufacturing technologies
and, for this reason, it seems very useful to study
the dielectric properties of materials used for 3D
printing in more detail, which have not been studied
in the tested range (1-100 MHz).

The paper is focused on the comparison of dielec-
tric properties, such as the relative permittivity and
the loss factor of PLA, PET-G and ABS materials.
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The parameters were measured in the frequency
range of 1-100 MHz.

The conclusions of this research:

(1) The values of the relative permittivity varied
between 2.9-4.2 and the values of the loss factor
were in the range 0.8—4.0%.

(2) In terms of the relative permittivity, all the
materials exhibit a linear relationship within the en-
tire examined frequency range. Moreover, a very
mild decrease in the permittivity was observed with
an increasing frequency. The maximal difference
was found between PLA-Silver and PET-G (1.09 at
frequency 1-4.9 MHz). As regards to the loss fac-
tor, the most suitable materials for electrical appli-
cations appears to be PLA-Metallic Green whose
factor reached its lowest values up to 70 MHz and
showed a minimal frequency dependence.

(3) In terms of the loss factor, the PET-G materi-
als seemed the best which reached, in general, the
smallest frequency dependence, but it is disadvan-
taged by significantly higher values at lower fre-
quencies (up to 30 MHz).

(4) ABS can be suitable as well due to the low values
of the loss factor (0.9-1.5%). The PLA-Silver material
appears to be less suitable due to the higher frequen-
cy dependence. The difference between the two PLA
materials can be caused by using different dyes.

(5) Additional differences were observed between
the individual PLA materials considering the loss
factor, which can be caused by the different compo-
sition of the dyes in both materials as it is not possi-
ble to automatically expect the same dielectric prop-
erties, when applying the same type of materials, but
with different colour pigmentations.

The obtained results of this study are going to be
used for the development of capacitance probes for
the non-destructive measurement of ice thickness.
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