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Abstract

This work discusses the design and fabrication of 3D-printed dielectric
materials for rectangular waveguides, with specific attention given to
the effects of infill density and pattern changes on dielectric attributes.
Microwave CST Studio is used to design the waveguide structures,
which were produced through additive manufacturing and later tested
with a two-port rectangular waveguide measurement system. The S-
parameters were measured using a Keysight PNA-L Network Analyzer
N5234B, whereby the reflection coefficient (S11) and the transmission
coefficient (S21) were measured to determine how the material
interacts with electromagnetic waves. It was found that greater infill
densities correlated with increased values of real permittivity, whereas
infill patterns have an essential influence on the material's dielectric
behavior. Several patterns were tested: concentric, cross, cubic, and
zigzag; the zigzag pattern gave the best results concerning the effective
permittivity, while the concentric pattern presented the least because
of the greater air gaps. The strong dependence of permittivity on infill
density was observed across 9-12Hz with average R? values of 0.96,
confirming the possibility of controlling dielectric properties through
additive manufacturing using PETG material. It has been demonstrated
that 3D printing methods can fabricate waveguides and RF circuits that
enable control over dielectric properties.

This is an open access article under the CC BY-NC-SA 4.0 license.
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1. Introduction

Waveguides are a fundamental part of microwave systems, transmitting electromagnetic waves with minimal
losses. Traditional manufacturing processes often constrain the complexity of waveguide designs. The
conventional method for characterizing the s-parameter/permittivity of composite material in microwave
application measurement is using a two-port waveguide [1].

Generally, the sample under test is prepared via casting and compacted powder in a waveguide [2-3]. There
are some drawbacks, especially in the processes that must be done before transmission line measurement. For
instance, in casting technique, the prepared sample needs to go through surface treatment, ensuring that the
surface is flat enough so that it is perpendicular to the wave propagation, which takes a lot of time [4]. At the same
time, the compacted powder method tends to fail due to the air gap occurring between the particles, which makes
it fragile, resulting in inaccurate data. Hardened samples could be improved by heat treatment at high
temperatures; however, this process will cause a change in overall dimensions due to the shrinkage effect of an
enhanced grain boundary [5-7]. Therefore, it will create an airgap between the waveguide wall and the sample,
which can also contribute to inaccurate data.

On the other hand, 3D printing can realize complex geometrical shapes that improve waveguide performance

by optimizing other parameters such as radiation patterns and impedance matching [8]. Currently, the adoption
of 3D printing for the fabrication of waveguides has gained more interest due to its capability to adopt complex
geometries and rapid prototyping [9-10]. However, by using the 3-D printing method, some parameters need to
be investigated, such as infill density, infill pattern, material /filament used, printing resolution, etc.
Thus, this work will investigate infill density and pattern, which could possibly affect the waveguide's permittivity
properties [11-15]. Polyethylene terephthalate glycol (PETG) will be used in the Microwave CST Studio for
simulation and 3D printing for fabrication. The effect of different infill densities and patterns on waveguide
performance is also studied.

2. Design And Fabrication

In this work, a 3-D rectangular object was created based on X-band waveguide dimensions: height 10.16 mm,
width 22.86 mm, and thickness 5 mm, which is less than a quarter wavelength at 10 GHz. Figure 1 shows the X-
band waveguide sample size using CST Microwave Studio. The 3-D file will be exported in.stl for further
processing.
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Fig. 1 Designation of X-band waveguide sample size

Exported 3-D file in .stl was later opened via Ultimaker Cura 5.8 software for slicing as shown in Figure 2.
Various infill densities (in %) and patterns were made in this process. Different infill patterns will distribute
forces affecting waveguide performance via strength and flexibility [16-19].
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Fig. 2 Printing setup for slicing and G-code conversion using the Ultimaker Cura software before 3-D printing

Figure 3 shows the chosen fill densities of 20%, 40%, 60%, and 80% for the rectangular waveguide that was
designed using computer software. The selected fill densities correspond to various volumetric material
distributions in the 3D-printed PETG structure, which affect its dielectric properties and electromagnetic
performance. Lower fill volumes (20% and 40%) generate bigger voids in the structure, which may lower the
effective permittivity of the structure and increase transmission losses due to high impedance mismatch.

On the other hand, higher fill volumes (60% and 80%) permit better continuous material distribution,
resulting in better wave propagation and impedance matching. Determining the relationship between fill
percentage and S-parameter response can be used with simulation and fabrication to enhance material properties
for microwave devices. Software-designed waveguide models offer control over fill patterns and densities, which
provides consistent results between differing material configurations.

(c) (d)

Fig. 3 Infill density (%) taken after 21 slices: (a) 20 %; (b) 40 %; (c) 60 %; and (d) 80 %

The infill patterns in this study were concentric, cross, cubic, and zigzag. These patterns were chosen for the
analysis due to the X-band design, which provides uniform strength in all directions. Maintaining structural
integrity and ensuring consistent electromagnetic performance across different environmental conditions is
crucial. Figure 4 represents a sample of the visual representation of the pattern for the design of a rectangular
waveguide for an infill pattern at 60% density. The slices were made after 21 layers of cuts to achieve cross-
sectional representation of the internal structure. These patterns were selected due to their geometrical
characteristics, which have a direct impact on material distribution, interlayer adhesion, and overall density
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uniformity. By visualising the patterns throughout this intermediate slicing stage, the morphology impact
of every infill pattern can be better understood and equated to the electrical and mechanical performance.

() (b)

(© (d)
Fig. 4 Various infill (60%) patterns taken after 21 slices: (a) concentric; (b) cross; (c) cubic; and (d) zigzag

As shown in Figure 5, the X-band size 3-D printed sample was fabricated with a two-port adapter setup for
testing purposes. S-parameter measurements were performed to accurately define the X-band frequency range
response of the 3D printed PETG samples with the PNA-L Network Analyzer N5234 B. S-parameter analysis will
reveal vital information regarding the electromagnetic characteristics of 3D printed PETG substrates, confirming
the dielectric properties that are amenable to modification through controlled changes in infill density.

v
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Fig. 5 (a) X-band size 3-D printed sample; (b) 3-D printed sample inside the X-band waveguide with two-port
adapters; (c) two-port waveguide configuration

3. Results

Figure 6 demonstrates the influence of infill density on the microwave characteristics of 3D-printed Polyethylene
Terephthalate Glycol (PETG) samples within the X-band frequency range (8.5 GHz to 12 GHz). The primary
parameters examined are the S11 (reflection coefficient) and S21 (transmission coefficient, which elucidate the
reflection and transmission properties of the samples at different infill densities.
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Fig. 6 S-parameters (a) Linear magnitude; and (b) phase of various infill densities
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The reflection coefficient (S11) represents the ratio of incident electromagnetic (EM) energy that is reflected
due to impedance mismatch. Elevated infill densities (80%) demonstrate increased S11 values, signifying that
more energy is reflected instead of being absorbed or transmitted through the material. This is due to the elevated
material density, which leads to enhanced effective permittivity and diminished impedance matching with open
space [8] . Reduced infill densities (20%) exhibit diminished S11 values, indicating improved impedance matching
and superior absorption properties. The reduced density facilitates increased wave penetration and scattering
within the material, decreasing overall reflection. A significant decline in S11 is detected at approximately 11.5
GHz, signifying a resonance phenomenon where energy absorption reaches its peak. It may result from
constructive and destructive interferences within the material's microstructure, affecting the infill density. The
findings indicate that low-infill structures (20%-40%) are preferable for microwave absorber applications, where
reflection minimization is essential. In contrast, higher infill densities (60%-80%) are more appropriate for
applications necessitating increased reflectivity, such as electromagnetic shielding or wave-guiding structures.

The transmission coefficient (S21) indicates the extent of power transmission through the material. As infill
density escalates, S21 diminishes, suggesting that samples with greater density attenuate the transmitted signal
more efficiently. This results from heightened dielectric losses and absorption linked to denser material
structures. The highest S21 values are recorded at 20% infill density, signifying that a substantial fraction of the
electromagnetic wave is passed through the structure without attenuation. The 80% infill sample demonstrates
the lowest S21 values, indicating that a minimal portion of the wave is transmitted due to heightened material
density and associated dielectric loss. A broad upward trend in S21 is detected across the frequency range, with
deviations near 11.5 GHz, corresponding to the resonant behavior noted in S11. From an application standpoint,
low-density infill structures (20%-40%) are beneficial in situations necessitating wave transparency, such as
radomes and dielectric substrates for antenna applications. In contrast, elevated infill densities (60%-80%) are
advantageous for shielding applications, where the reduction of signal penetration is essential.

Elevated infill densities exhibit marginally more pronounced phase changes, attributable to enhanced
dielectric loading and impedance mismatch effects. S21 (Transmission Phase Shift): A notable phase shift (~180
degrees) is detected between 10.5 and 11 GHz, indicating a resonance state. This shows a significant material
interaction at this frequency, potentially resulting from wave interference phenomena within the infill structure.
The change in phase response over diverse infill densities indicates that altering density can effectively tune
electromagnetic phase properties, which is advantageous for applications including phase shifters, impedance-
matching structures, and frequency-selective surfaces (FSS). The fluctuations in S11 and S21 throughout the
frequency spectrum demonstrate that material response is frequency-dependent [12]. It underscores the
necessity of customizing infill parameters according to the operational frequency of the proposed microwave
applications.

Figure 7 displays the complicated permittivity characteristics of Polyethylene Terephthalate Glycol (PETG)
samples within the X-band frequency range (8.5 GHz to 12 GHz), accounting for various infill densities (20%, 40%,
60%, and 80%). On the other hand, Table 1 shows the relationship between permittivity and infill density.
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Fig. 7 Complex permittivity against frequency for various infill densities

The infill densities of 80% demonstrate the highest values; this trend is anticipated, as augmenting the infill
density incorporates additional dielectric material, resulting in an elevated total permittivity. All samples exhibit
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a peak between 10 and 11 GHz, signifying a frequency-dependent loss mechanism. It may result from relaxation
processes or resonance within the polymeric structure. Notwithstanding this peak, the overall dielectric loss
remains negligible, indicating that PETG is a comparatively low-loss material, appropriate for microwave
applications where little energy dissipation is required. For applications necessitating elevated permittivity (e.g.,
antennas, microwave lenses, and high-dielectric substrates), an infill density of 80% is advised.

Table 1 Relationship between permittivity and infill density

Frequency Permittivity of various infill densities
(GHz) 20% 40% 60% 80%
9 2.124 2.354 2.587 2.810
10 1.984 2.175 2.408 2.592
11 1.998 2.196 2.426 2.654
12 2.029 2.250 2.522 2.750

Figure 8 presents the linear relationship between permittivity and infill density, showing a clear trend where
permittivity increases with higher infill density. The results indicate a highly linear correlation between
permittivity and infill density, represented by a correlation coefficient near (R? = 0.99) for all frequencies tested.
This implies that permittivity predictably increases with higher infill density due to the increased volume fraction
of dielectric material, which is consistent with the dielectric mixture. It provides a straightforward method for
adjusting electromagnetic properties, where precise control of permittivity is crucial for optimizing performance.
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Fig. 8 Linear relationship between permittivity and infill density: (a) 9GHz; (b) 10 GHz; (c) 11 GHz; (d) 12 GHz

The S-parameters (S11 and S21) for the concentric, cross, cubic, and zigzag infill patterns reveal how the inner
structural composition modifies the microwave response of the 3D-printed rectangular waveguide, as shown in
Figure 9. The results show the difference in reflection (S11) and transmission (S21) coefficients at the range of 8.5
GHz to 12 GHz, which considers the interaction of the electromagnetic waves with the structure, which is strongly
dependent on the geometry of the infill. The results from the analysis show that the choice of infill pattern directly
impacts the dielectric and microwave transmission properties of the 3D printed waveguide structures. Of all the
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configurations tested, the cubic and cross infill patterns are the best candidates for applications where low

reflection and high transmission properties are desirable, as they performed the best in both S1; and S,;.

Phase

Fig. 9 S-parameters (a) Linear magnitude; and (b) phase of various infill patterns
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Figure 10 shows the complex permittivity values captured for the concentric, cross, cubic, and zigzag infill
patterns. The results show the real part ranging from 2.0 to 2.8, with the cubic and cross patterns having more
pronounced values while imaginary counterparts being relatively low throughout the frequency spectrum,
showing little dielectric losses. The differences suggest the internal structural geometry affects the effective
permittivity; wherein more uniform and denser infill designs are achieved, increased dielectric constants are
obtained because lower quantities of air voids and higher degrees of material homogeneity are present. Table 1
shows the relationship between permittivity and infill density.
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Fig. 10 Complex permittivity against frequency for various infill patterns

The relations between infill patterns and corresponding permittivity are shown in Figure 11 with a high R?
value, which means there is a strong predictability of the permittivity changes with different infill structures [17,
20]. The shape of a zigzag has the maximum permittivity due to increased material and low air volume fraction.
These findings enhance the understanding of the effects of infill geometry on 3D-printed dielectric materials and
the performance of devices composed of these functional electromagnetic devices.
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4. Conclusion

This research successfully designed, fabricated, and tested a 3D-printed rectangular waveguide structure to
determine the effects of infill density and patterns on dielectric properties. Experimental outcomes validate that
higher infill densities correspond to greater real permittivity, while the infill pattern significantly changes the
material's dielectric response. Of all inverted patterns tested, the zigzag structure had the highest effective
permittivity, while the concentric pattern had the lowest due to possessing a greater amount of air. The strong
correlation further validates the dependence of permittivity on infill density, confirming that additive
manufacturing provides unprecedented control over dielectric properties and is thus applicable for customizable
electromagnetic uses.

The S-parameters from the fabricated two-port rectangular waveguide structures were measured, and the
results from the S11 and S21 responses for the different infill configurations show some differentiation. The
differences in reflection and transmission coefficients prove that 3D-printed waveguide materials can be designed
to have controlled electromagnetic characteristics, which indicates that they can be used for RF, microwave, and
communication systems. This research also emphasizes the possibility of additive manufacturing as a fast-
prototyping technique for creating functional dielectric materials with designed parameters.
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