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Abstract—The literature lacks detailed information about the electrical properties of the plastic
filaments used in 3D printing. This opens the way for research on characterizing the types of materials
used in these filaments. In this work, a method for the extraction of the dielectric constant and loss
tangent of materials is described. This method, which is suitable for characterizing any dielectric
material, is then used to characterize 3D-printed samples based on different filament materials and infill
densities over a very wide frequency range [0.02–10GHz]. The selected materials are Polylactic Acid
(PLA), Acrylonitrile Butadiene Styrene (ABS) and a semi-flex filament that combines two important
features of flexibility and endurance. These three types are the most commonly used in 3D printing. The
two-line technique is applied to extract the complex permittivity of the material under test (MUT) from
the propagation constant. This method employs the uncalibrated scattering parameters with different
types of transmission line for any characteristic impedance. A rectangular coaxial transmission-line
fixture has been used to validate the theoretical work through simulations and measurements involving
the 3D filament samples.

1. INTRODUCTION

Nowadays, 3D-printing technology is frequently used in diverse applications (e.g., medical,
manufacturing, telecommunication and electronics). The availability and low cost of this technology
make it popular worldwide; furthermore, it is of great value when traditional fabrication tools fail in
terms of complexity and/or cost. 3D printing is used in electromagnetic applications in different Radio
Frequency (RF) and Microwave (MW) bands, for example in electromagnetic compatibility (EMC), low
cost and lightweight TEM cells [1, 2]. Antennas [3], sensors [4], and metamaterial designs [5] are some
other applications of 3D printing. This wide use of 3D printing in the electromagnetic field necessitates
knowledge of the electrical properties of the dielectric materials used in printing, such as ABS, PLA, and
Semi-Flex. The determination of the electromagnetic material properties, which are mainly composed
of permittivity ε and permeability µ, is usually called material characterization. There are different
techniques for material characterization, depending on the type of the material under test (MUT), its
size, and the required accuracy of the extracted parameters. The material characterization methods are
divided into two main categories: broadband and narrow-band [6]. Each method is based on the use
of distributed and/or lumped elements. In this work, the non-resonant (broadband) technique and T -
matrix conversion method are used. The latter is known for its accuracy and characteristic impedance
independence. In this work, a method for the extraction of the dielectric constant and loss tangent
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of any dielectric material is described. As an application, this method is used to extract the complex
permittivity of the plastic filaments used in 3D printing. The use of 3D printing is becoming more varied
and widespread in RF and microwave circuits design. Thus, the knowledge of the electrical properties
of the different types of 3D filaments and for different infill densities is essential for these and other
applications. This detailed knowledge is not yet available in the literature, nor is provided by the sellers
of 3D printing filaments.

2. MATERIAL CHARACTERIZATION

Material characterization determines electromagnetic properties versus frequency of the MUT by
obtaining the permittivity ε and permeability µ, which describe the electromagnetic wave behavior
within the material. In the material characterization method that we are describing, the complete step
processes are sample preparation, fixture selection, measurement, and algorithm conversion.

2.1. Characterization Methods

We can divide material characterization methods into two main categories: resonant and non-resonant
methods. The resonant method relies on the measurement of the resonant frequency and quality
factor (ratio of resonant frequency to bandwidth) while the non-resonant method relies on the
transmission/reflection measurement of the electromagnetic wave propagating within the structure [6].
The resonant method is applied by the resonator cavity with greatest accuracy, but only at discrete
frequencies. The non-resonant method is used by the transmission line with less accuracy, but it provides
extraction over a wide bandwidth. A comparison of the different material characterization methods is
reported in [7]. The method choice and methodology depend on the level of accuracy needed, the desired
simplicity of process and sample insertion, the chosen kind of test cell, and the bandwidth of interest.
In this study, our interest concerns the extraction of the intrinsic properties of the 3D-printed plastic
covering ultra-wide bandwidth, so we have selected the transmission reflection method.

2.2. Transmission Reflection Method

In the transmission/reflection method, the MUT is placed in a transmission line to disrupt the structure
field lines and measure the material inherent properties [6]. Once the transmission line is defined, the
use of the MUT in that fixture allows for measuring the S-parameters along with those of the reference
in utilizing the vector network analyzer (VNA). The Two-line method used in this paper is an example
of a Transmission Reflection Method.

2.3. Calibration Methods

Calibration denotes the removing of unwanted parts (e.g., cables or transmission-line adaptors) from
measurements. This step is important for moving the reference plane of the measurement to the interface
of the MUT. For the error that comes from the VNA and cables, the efficient calibration method used
is the short, open, load and thru (SOLT) method [8]. This calibration method is popular: in most
commercial VNA, there is a specific calibration kit that can contain all these standard loads to end the
cables with them. Usually there is no problem with calibration of the coaxial cables that connect to
the VNA. The critical problem starts when the error comes from the fixture itself, and there is then a
need for a de-embedding method to remove this undesirable section (i.e., the MUT is usually centrally
placed, and the connector areas should be removed). The SOLT method is not applicable here because
there is no load available with these areas over the whole bandwidth. Therefore, the presented material
characterization technique in this article has the advantage of extracting the electromagnetic properties
without the need for the calibrated S parameters.

2.4. Conversion Techniques

Various conversion techniques are presented in the literature, including the following: Nicolson-Ross-
Weir (NRW) [9, 10], NIST Iterative, New Non-Iterative, SCL Iterative [11], and retrieval method [12].
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Some of these techniques have limitations that resonate if the sample length is multiple of half
wavelength. To overcome this limitation a branching problem should be solved. There are several
suggestions in [13] to solve this ambiguity. In the subsequent paragraph, an advanced two-line technique
is presented that has an advantage over the traditional method.

3. EXTRACTION METHOD

In some test fixture designs, the de-embedding of the connector-port adaptor transition is not possible
due to the absence of standard matched loads. Another technique is needed to remove error effects
from these areas. The presented two-line technique can solve this problem. The two-line technique
refers to the multiline calibration method in [14–16]. This technique belongs to the group of
Transmission/Reflection techniques for material characterization since it relies on measurement of the
transmitted and the reflected propagating waves within the medium of interest. Implementation of
the technique requires two transmission lines with the same physical and electrical properties but
different lengths. If L1 and L2, respectively, represent the lengths of the first and second lines, whereas
∆l = L2−L1 is the length difference between both lines, then the uncalibrated measured S parameters
in two scenarios with and without the MUT for the two lines are sufficient to accurately extract the
propagation constant.

Figure 1. Test fixtures configuration.

Figure 1 exhibits the measurement configurations, and two transfer matrix forms can be employed:
ABCD matrix and wave cascading matrix (WCM) [17]. In this work, we apply WCM because it gives
the propagation constant parameter [18], and discontinuities are well-corrected. The WCM should be
computed using Eq. (1).

[T ] =

(
T11 T12

T21 T22

)
=

−S11S22 − S12S21

S21

S11

S21

−S22

S21

1

S21

 (1)

S1 and S2 represent the uncalibrated scattering parameter matrices of the first and second test fixtures.
These scattering parameters can be measured directly using a vector network analyzer (VNA).

[S1] ⇒ [M1] , [S2] ⇒ [M2]

We use matrices M1 and M2 for modeling the respective WCM of the first and second fixtures,
whereas the WCM A and B represent the connector-port section at two sides, respectively. In this case,
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A and B are similar since we suppose that the two connector ports are mechanically and electrically
identical [18]. In the cascading configuration, we can express the fixture as follows:

[M1] = [A] [T1] [B] , [M2] = [A] [T2] [B] (2)

T1 and T2 are the WCM of the first and second transmission lines. The multiplication of the long fixture
by the inverse of the short fixture will result in the following:

[M12] = [M2] [M1]
−1 (3)

[T12] ≡ [T∆l] = [T2] [T1]
−1 (4)

[M12] ≡ [A] [T2] [A] [A]
−1 [T1]

−1 [A]−1 (5)

[M12] [A] = [A] [T12] (6)

T∆l is the WCM for the ∆l section. ∆l has the same characteristic impedance as the long and short
transmission lines but represents the ideal transmission line with no reflections. It is simply given as

[T∆l] =

(
e−γ∆l 0
0 e−γ∆l

)
(7)

where γ is the propagation constant of the transmission line. The two WCM matrices M12 and T12

have the same eigen-values and related eigen-vectors [16]. As T∆l is a diagonal matrix, its eigen-values
are diagonal elements. The computation of the eigen-value of M12 is shown as

[M12] =

(
m11 m12

m21 m22

)
(8)

eig ([M12]) = (λ) (9)

whereas λ is the eigen-value vector of M12, which is calculated as follows:(
λ1

λ2

)
=

(m11 +m22)±
√

(m11 −m22)
2 + 4m12m21

2
(10)

Later, the average of the eigen-values is used as follows:

λ = eγ∆l (11)

From now, the MUT propagation constant is given by Eq. (13)

γ =
lnλ

∆l
(12)

Then, the phase constant β is the imaginary part of the propagation constant. Two main
configurations are required in order to extract the MUT complex relative permittivity: with and without
the sample under test (SUT).

βvac = Im (γvac) , βMUT = Im (γMUT ) (13)

Using Equation (15), we get the relative permittivity.

εr =

(
βMUT

βvac

)2

(14)

We here directly calculate the relative complex permittivity because the rectangle coaxial fixture
is homogeneous. The dielectric loss tangent can be expressed [19] as

tan δ = 2

(
αd

βMUT
− αvac

βvac

)
(15)

where αd is the dielectric attenuation constant.
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4. SIMULATION VALIDATION

Validation of the extraction methodology was performed using a transmission line and two rectangular
coaxial lines connected to 50Ω connectors designed and simulated through the computer simulation
technology (CST) microwave studio software. Two cases were simulated: with MUT as dielectric and
without dielectric as a reference element. The fixture is filled with MUT.

Figure 2 is the design of the two fixtures and their lengths. To link the theoretical parameters to
the simulated case, L1, L2, and ∆l are equal to 80mm, 100mm, and 20mm, respectively.

Figure 2. Design of the simulated rectangular test fixture.

Figure 3 shows the extracted simulated permittivity of three different dielectric constants 2, 3,
and 4, respectively. The extracted results establish the efficiency of the technique from uncalibrated
S-parameters over ultra-wideband.

Figure 3. Result of the extracted simulated permittivity.

In addition, the dielectric loss tangent generated by the CST software is compared to the extracted
one using the S-parameters as shown in Fig. 4. Good analogy between the curves is exhibited when
the dielectric loss tangent stays above the 10−2 value. Here, annealed copper is used as the fixture
metal. A discussion of the limitations of this technique in obtaining the dielectric loss is included in the
subsequent Experimental Results section.
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Figure 4. Simulated dielectric loss comparison between software creation and two lines method
extraction.

5. EXPERIMENTAL RESULTS

5.1. Coaxial Fixture Test

Rectangular coaxial transmission lines are used as a test fixture, as shown in Fig. 5, with two test space
lengths 8 cm and 10 cm. The fixture is made with copper as a conductor and can be filled easily.

Figure 5. Rectangular coaxial test fixtures.
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5.2. 3D-Printed Samples

The samples must completely fit the test space of the fixtures in order to avoid gaps, which affect the
accuracy of the MUT-extracted property results. In the presented study, we selected the most commonly
used material types in 3D printing, such as PLA, ABS, and Semi-Flex, to extract their intrinsic electric
parameters: relative permittivity and dielectric loss tangent.

In addition to the electrical properties study, we studied the effects of the infill density percentage
on the electrical properties. The infill density represents the percentage of plastic in the total volume
of the 3D printed sample, and it is a parameter that can be controlled in the settings of the 3D printing
software. The infill density is important because not all 3D printed samples are solely made of plastic.
If the infill density is less than 100%, the sample is then made of both plastic and air. This fact helps
researchers in the RF and Microwave applications to optimize their designs by using more accurate
3D-printing properties obtained by changing the infill density as needed. The prepared samples are
shown in Fig. 6 for three types of plastic materials with three different infill densities: 100%, 50%, and
20%.

Figure 6. 3D-printed samples different materials and different infill density percentages.

The cross-section of the rectangle coaxial sample with the infill density percentage is shown in
Fig. 7.

Figure 7. Cross section view of the rectangular sample with 100%, 50% and 20% of infill density
percentages respectively.

5.3. Results

In the extant literature, the electrical properties of the 3D-printed samples in the presence of the TEM
mode is not investigated.
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The dielectric constant versus frequency (2MHz–10GHz) of the three kinds of plastic samples
with 100 % infill density is shown in Fig. 8. All of them are different from each other. PLA relative
permittivity is lower than the ABS and Semi-Flex ones.

Figure 8. Permittivity of the ABS, PLA and Semi-Flex materials.

Figure 9 shows the dielectric constant when the infill density percentage changed in three cases
(100%, 50%, and 20%) with the three MUTs (ABS, PLA, and Semi-Flex).

(a) (b)

(c)

Figure 9. Dielectric loss tangent for ABS, PLA, and Semi-Flex plastic with three infill densities 100%,
50% and 20%.
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The presented results for the dielectric constant show a relationship between the infill density
percentage and the retrieved relative permittivity. An increasing infill density leads to a higher relative
permittivity, and a smaller infill density results in a smaller relative permittivity. The relationship is
not linear, but this opens the possibility for dielectric constant tuning by modifying the infill density
percentage, and this will be very helpful in several RF and microwave applications.

To check the accuracy of the used Two-line method, it has been compared to the One-line method,
as the results shown in Fig. 10. With the One-line method, only one of the two rectangular coaxial
fixtures is used, where the MUT is placed inside. This method requires a short-open calibration to
remove the effect of the transition between the N-type circular coaxial cable and the rectangular coaxial
fixture. Later, the method in [20, 21] is used to obtain the propagation constant. Then, Equations (13)–
(15) are used to compute the dielectric constant and loss tangent. The two methods, the Two-line
and One-line, offer close results, but in addition to requiring calibration, the One-line method is less
wideband than the Two-line method, as shown in Fig. 10.

Figure 10. Comparison of the used Two-line method with the One-line method for the ABS material.

On the other hand, Fig. 11 shows the loss tangent comparison for the plastic material (ABS, Semi-
Flex, and PLA) with 100% of infill density. Fig. 12 exhibits the loss tangent comparison of the three
plastic MUTs with three different values of infill density percentage.

In Fig. 12, some strange behavior in the variation of the loss tangent appears via higher loss tangent

Figure 11. Tangent dielectric loss comparison among ABS, PLA and Semi-Flex materials with 100 %
of infill density.
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(a) (b)

(c)

Figure 12. Dielectric loss tangent for ABS, PLA, and Semi-Flex plastic with three infill densities
100%, 50% and 20%.

at some frequencies with lower infill density. This response is also found in [22, 23] but is not explained.
In our view, this phenomenon is due to the limitation of the extraction technique itself. It is known
that in the transmission reflection material characterization technique, the permittivity extraction error
percentage can be up to 5% while for the dielectric loss tangent, it is up to 10%. Also, Ref. [24] reports
that the resolution of the extracted dielectric loss tangent is tan(δ) ≈ 0.01. Thus, the dielectric loss
tangent cannot be extracted when the MUT has a low dielectric loss tan(δ) ≪ 0.01. For tan(δ) > 0.01,
the 10% error percentage still exists, and it might lead to MUTs with smaller infill densities having a
higher dielectric loss than MUTs with higher infill densities.

By looking at the extracted dielectric loss tangent responses, we note that for dielectric loss values
less than 0.01, sharp drops in the dielectric loss value occur. This means that the extraction method is
inaccurate for dielectric loss values less than 0.01. In the simulations, the extracted dielectric loss can be
used when the value is > 0.01 (also 0.01 for the measurements). This similarity between simulations and
measurements proves that the conducting losses of the metallic material of the fixture have a critical
effect on the limitation of the technique for the dielectric loss determination. As mentioned before,
the non-resonant material characterization technique has acceptable accuracy over a wide bandwidth
while the resonant technique has more accuracy at single frequencies. Therefore, for obtaining more
accurate results of the dielectric loss tangent, the resonant material characterization technique should
be employed for the dielectric loss behavior investigation at several frequencies.

5.4. Imperfection Effect

The effect of imperfections in the MUTs, which could be created by problems in the 3D printing process,
are studied in this section. As explained before, two samples are needed for each characterization test,
one to be placed in the short line and the other in the long line. The probability of having the same
imperfection in the two samples is small.
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We represent an imperfection by a rectangular cubic crack filled with air. Several simulations we
ran indicated a crack in the middle of the MUT, around the inner conductor of the transmission line,
which has a relatively more apparent effect on the extracted permittivity, because this is where the
E-field lines are denser. Fig. 13 shows the extracted permittivity of a material with already known
εr = 3. A large imperfection is introduced in the center of the line where the effect is maximum. The
imperfection has the dimensions of 14 × 2 × 3mm3. Three cases were considered: 1) the imperfection
occurs in the sample placed in the short line; 2) the imperfection is in the sample placed in the long line;
and 3) imperfections occur in both samples, although this has a lower probability of taking place. The
results in Fig. 13 show that the extracted permittivity is resistant to the imperfections in the samples.
The same conclusion is drawn when the imperfections occur away from the center of the lines, and in
this case their effect is even more negligible.

Figure 13. Imperfection effect on extracted permittivity. The imperfection appears in blue around the
inner conductor of the line.

6. CONCLUSION

In this work, the dielectric constant and loss tangent of the materials used in 3D-printing technology
(ABS, PLA, and Semi-Flex) have been evaluated using an ultra-wideband characterization technique.
We used the two-transmission-line technique to obtain their intrinsic electric parameters. Also, the infill
density effects on the relative permittivity and the loss tangent have been studied by comparing three
different percentages of infill density. The Two-line technique was described in details and validated
through simulations and experimental measurements of ABS, PLA, and Semi-Flex material. This study
focused on the use of the rectangular coaxial fixture as a test cell. No calibration of the measurement
setup was required while using the described technique. The presence of the sample inside the cell
disturbs the electromagnetic fields. Through mathematical formulas and using simulated and measured
S-parameters, the intrinsic electrical parameters of each dielectric sample are obtained.
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