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Abstract. This paper presents an overview of the use of 
additive manufacturing (AM) technologies for the imple-
mentation of microwave components. Two major techno-
logical solutions, based on the AM of plastic materials, are 
discussed: in the former case, the AM plastic is used as 
a dielectric material that constitutes the component. Con-
versely, in the latter case, the plastic material is a mere 
support of the metallization, thus avoiding the contact of 
the AM plastic with the electromagnetic field and reducing 
losses. Several examples are illustrated and discussed, to 
highlight benefits and limitations of AM techniques in the 
current scenario of microwave applications. 
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1. Introduction 
The use of additive manufacturing (AM) techniques, 

also known as 3D printing, is becoming very popular in 
a wide range of disciplines, ranging from medicine to me-
chanics and building construction. In the last few years, 
AM was also applied in the implementation of microwave 
components and antennas [1]–[15].  

In microwave applications, AM offers unprecedented 
design flexibility, allowing to implement fully three-di-
mensional structures, and additional degrees of freedom in 
the use of dielectric materials, as in some cases it permits 
to modify the value of dielectric permittivity to the desired 
value. Moreover, AM guarantees an extremely rapid pro-
totyping and reasonable costs for the manufacturing of 
small amounts of samples.  

Among the various AM technologies available on the 
market, few of them appear to be particularly convenient 
for microwave applications, because they combine the 
needed accuracy and the design flexibility with low costs 
for facilities and fabrication process.  

In this paper, the AM of plastic materials is mainly 
considered. Two major technological solutions are 
discussed: one is based on the use of the AM plastic as 
a dielectric material inside the component, possibly with 
different density (thus adding a degree of freedom in the 
design); the other is based on the use of the plastic material 
as a mere support of the metallization, to reduce the losses. 

The paper is organized as follows: Section 2 illus-
trates the major classes of AM techniques, according to the 
standard classification. Section 3 describes applications 
where the AM plastic is used a dielectric material inside 
the microwave components. Section 4 presents a variety of 
components (mainly microwave filters), where the AM 
plastic has the role to support the metallization, with no 
contact with the electromagnetic field. 

2. Additive Manufacturing Techniques 
In 2010, the American Society for Testing and Mate-

rials (ASTM) group “ASTM F42 – Additive Manufactur-
ing” classified the additive manufacturing technologies into 
seven types:  

1) Material Extrusion. This is one of the cheapest 
technologies. It is based on a filament of plastic 
material heated, extruded by a nozzle, and deposited 
layer-by-layer. 

2) VAT Photo-polymerization. In that case, a liquid pho-
tosensitive polymer contained in a vat is hardened 
layer-by-layer by an UV laser. 

3) Powder Bed Fusion. The 3D object is manufactured 
layer-by-layer by melting or sintering powder mate-
rial. This technology allows the manufacturing of 
metal objects. 

4) Material Jetting. This technology is similar to the 
inkjet printer, where liquid droplets are dispensed. In 
this case, however, a photosensitive polymer is used 
and hardened with UV light to manufacture 3D object 
layer-by-layer. 
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Fig. 1. Characterization of dielectric permittivity and loss 

tangent versus the infill percentage (from [17]). 

5) Binder Jetting. Similar to material jetting but it uses 
two materials: powdered base material and a binder 
material. The binder material is dispensed onto the 
powdered material for adhesion of layers. 

6) Sheet Lamination. Here, sheets or ribbons of metal or 
paper are bound together to form 3D objects. 

7) Directed Energy Deposition. In this case, a nozzle 
holds a material in a wire form and an electron beam 
projector melts it. The process is similar to material 
extrusion, but the nozzle can move in multiple direc-
tions as in four- and five-axes machines. 

3. AM Plastics as Dielectric Materials 

3.1 Tuning the Dielectric Permittivity 

The use of the material extrusion technique allows 
modifying the density of the printed dielectric material, 
thus adding a degree of freedom in the design of micro-
wave components [5], [16], [17]. In particular, by selecting 
the infill percentage in the printing process, different 
values of dielectric permittivity as well as of loss tangent 
can be achieved.  

In [17], a thermoplastic polyurethane Ninjaflex® fila-
ment, with diameter 1.75 mm, was adopted for printing via 
fused deposition modeling (FDM). For measurement pur-
poses, a set of samples were fabricated, with boxed shape 
and different infill percentage (specifically, with nominal 
infill of 100%, 50%, and 25%). The dielectric effective 
permittivity and loss tangent of the samples were measured 
by using a waveguide technique, and the actual infill of 
each sample was estimated from the volume and the weight 
of each specimen. Results are shown in Fig. 1. 

3.2 Slab Waveguide 

The possibility to realize different dielectric permit-
tivity values by using one single filament was exploited  
in [17], where a 3D-printed substrate integrated slab wave-
guide (SISW) was proposed. The SISW [18] is similar to the 
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Fig. 2. 3D-printed substrate integrated slab waveguide: 
(a) Photograph of SISW interconnect (prior to pasting 
the aluminum foils and adding the metal vias). 
(b) Photograph of SISW interconnect after pasting the 
aluminum foil. (c) Simulated and measured propaga-
tion constant versus frequency (from [17]). 

substrate integrated waveguide (SIW) [19], [20], but it 
permits to achieve broader single-mode bandwidth. It con-
sists of a central portion with higher dielectric permittivity 
(where the electric field of the fundamental, quasi-TE10 
mode is more intense) and two side portions with lower 
dielectric permittivity (where the second, quasi-TE20 mode 
is stronger). Using a lower permittivity in the side portion 
increases the cutoff frequency of the second mode, with 
almost no effect on the fundamental mode, thus expanding 
the single-mode band.  

A SISW with 100% infill in the central portion and 
25% infill in the side portions, covering the single-mode 
band from 3 GHz to 7.5 GHz, was presented in [17] 
(Fig. 2a). The material used in this case is a filament of 
Ninjaflex (with dielectric permittivity r = 3.05 and loss 
tangent tan  = 0.05 for 100% infill). The top and bottom 
metal layers were implemented by aluminum foils (Fig. 2b) 
and the metal vias were realized by conductive paste.   

This bandwidth is much larger than the one of the 
corresponding standard SIW, limited to the range 3 GHz to 
6 GHz. Simulations and measurements of the propagation 
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constant versus frequency for the first and second modes 
demonstrated the operation principle (Fig. 2c).  

3.3 Microfluidic Sensor 

Another significant advantage of the AM is the possi-
bility to manufacture arbitrarily shaped components, which 
can hardly be fabricated by conventional techniques. 
An example is shown in [2], where an SIW structure form-
ing a bridge was realized by 3D printing with no need of 
any support material.  

A microfluidic sensor, based on a resonant cavity 
with a micro-pipe printed directly inside the cavity 
(Fig. 3a), was proposed in [21]. The flexibility of the AM 
allows to print the pipe together with the cavity, in one-
pass fabrication process. The operation principle of the 
sensor is the following: when a liquid is injected inside the 
pipe, the effective permittivity of the material inside the 
cavity, as well as its effective loss tangent, are modified. 
Consequently, the resonance frequency and the quality 
factor of the cavity modes change. By measuring the varia-
tion of the resonance frequency and of the quality factor of 
the fundamental cavity mode, with and without liquid in 
the pipe, it is possible to retrieve the dielectric characteris-
tics of the liquid.  

A prototype of the microfluidic sensor based on the 
SIW resonant cavity was fabricated by 3D printing, using 
a filament of Ninjaflex (Fig. 3b), and the structure was 
metalized by using aluminum foils and conductive paste, as 
described in the previous subsection.  

Full-wave simulations were performed to estimate the 
frequency shift f with respect to the case of empty pipe, 
when different liquids with dielectric permittivity r are 
injected in the pipe. The simulated frequency shift versus 
the value of dielectric permittivity is shown in Fig. 3c 
(black circles and dashed interpolating line). In the meas-
urement phase, a liquid was injected into the pipe, the 
frequency shift was measured, and the simulation curve 
was used to retrieve the corresponding value of dielectric 
permittivity [21].  

A more rigorous and accurate way to retrieve dielec-
tric permittivity and loss tangent from the measurement of 
frequency shift and quality factor was presented in [22]. 

4. AM Plastics as Metal Support 
A wide class of microwave components only consists 

of metal and does not require any dielectric materials. 
However, it is still possible to use plastic 3D printing to 
manufacture such components. In this case, the plastic is 
adopted to manufacture the mechanical structure, which is 
eventually metal-plated. 

3D-printed objects can be metal-plated by simply 
painting them with conducting paint. However, the result-
ing surface conductivity may be too low for some microwave 

Metal vias Micro-pipe
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Fig. 3.  3D-printed microfluidic sensor based on an SIW cavity 
resonator: (a) Drawing of the structure. (b) Photograph 
of prototype (prior to pasting the aluminum foils and 
adding the metal vias). (c) Simulated and measured 
values of the dielectric permittivity of the liquid in the 
pipe versus the frequency shift (from [21]). 

applications. In that case, however, the value of the surface 
conductivity can be dramatically increasing by adopting 
a subsequent electro-plating [23]. 

Another possibility is to use the dip-coating tech-
nique. This technique consists in dipping the manufactured 
plastic component into a liquid that it is able to metallize 
the plastic surface. The advantage of this technique is that 
it can be also used to metallize internal surfaces, provided 
that the liquid can access the internal parts of the compo-
nent (for instance, through small holes). Also in this case, 
if the surface conductivity is not satisfactory, the structure 
can be post-processed by electro-plating.  

All structures presented in this section were 
manufactured by the stereolithography (SLA) technology. 
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Fig. 4.  Software driving the 3D printing: two half waveguides 

and the relevant supporting structures. 

4.1 Rectangular Cavity Filters 

The filters represent a class of components that re-
quire a very good surface conductivity. Rectangular wave-
guide filters are the most common non-planar filters and 
represent a good benchmark for testing AM technology 
combined with metal-plating. 

Considering that in AM each layer is manufactured by 
adding material on the previous layer, there are some re-
strictions in allowed geometries. In order to mitigate the 
problem, the software driving 3D-printers allows the ori-
entation of the component to be manufactured, as shown in 
Fig. 4, in case of two half waveguides. The orientation is 
allowed thanks to the supporting structures. Supporting 
structures have also the additional scope of permitting the 
manufacturing of those portions of layers that cannot be 
supported by the previous layers, like suspended horizontal 
planes. Supporting structures are subsequently removed 
after manufacturing. In addition to such strategies, an AM-
oriented design is also advised.  

Two examples are illustrated in Fig. 5a and Fig. 5b, 
where a single cavity and a 3-pole filter with rounded irises 
are shown [23]. Indeed, rounded surfaces are easier to be 
manufactured with 3D-printing. Figure 5c reports the com-
parison of measurements, HFSS simulations, and coupling 
matrix response of the 3-pole filter. The copper-plated 3D-
printed filter presents insertion losses comparable to that of 
a metallic waveguide [23]. 

4.2 Mushroom-Shaped Post Filters 

Band-pass filters using capacitive posts as resonators 
(e.g., comb-line filters) have the advantage of being com-
pact, and generally show a wide spurious-free stop band. 
Usually, they can be easily manufactured by using the 
traditional milling technique [25], [26]. By increasing the 
capacity between the post and the top wall of the wave-
guide, it is possible to minimize the filter dimension. This 
effect can be achieved by adopting mushroom-shaped posts 
[27]. However, this structure is more difficult to manufac-
ture with traditional milling techniques. In particular, the 
post and the cavity cannot be milled together; they shall be 
manufactured separately and then assembled, thus generating 
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Fig. 5. AM-oriented design: rounded irises. (a) Geometry of 
the single cavity. (b) Geometry of the third-order band-
pass filter. (c) Third-order filter response (from [23]). 

 
Fig. 6. Mushroom-shaped post doublet: building block used 

for the design of higher order filters [29]. 

problems related to possibly lossy contact between post 
and cavity. 

This problem can be overcome by using the AM 
technology, that allows to implement posts with arbitrary 
shapes and realized them in one pass, together with the 
cavity.  

Furthermore, by exploiting the high flexibility of the 
AM, component with more complex geometry can be de-
signed, like the one shown in Fig. 6. In this structure, 
a conveniently shaped metal wire connects the two mush-
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room-shaped posts [28]. Thanks to the particular shape of 
the metal wire, a precise control of filter transmission zeros 
can be attained, as shown in [29].  

 
Fig. 7.  Photograph of the manufactured four-pole filter inside 

the SLA 3D-printer building chamber [29].  
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Fig. 8.  Four-pole mushroom-shaped post filter and its cover: 
(a) Photograph before copper-plating. (b) Photograph 
after copper-plating. (c) Simulated and measured filter 
response [29]. 

The structure illustrated in Fig. 6 is a building block 
that can be used to obtain higher order filters [30], [31]. 
Higher order filters are obtained by cascading building 
blocks through non-resonating nodes [32]–[34]. Non-reso-
nating nodes can be realized by quarter-wave waveguide 
sections [35], [36]. 

A filter with four poles and four transmission zeros, 
obtained by cascading two doublets, was designed and 
manufactured with the SLA 3D printer. Figure 7 shows the 
manufactured filter during the final part of the printing 
phase. Supporting structures and component orientation are 
well visible. 

Figure 8 shows the filter after removing the support-
ing structures. The structure is divided into two pieces: the 
base with mushroom shaped posts and the cover. In partic-
ular, Figure 8a shows the filter before the metallization, 
whereas Figure 8b shows the copper-plated filter. In 
Fig. 8c the comparison between measurements and simula-
tions is shown. Despite in the graph only two transmission 
zeros are visible, the filter response presents four transmis-
sion zeros: this is because each transmission zero is a dou-
ble transmission zero, which is a consequence of the 
adopted design. Thanks to a property of non-resonant 
nodes, all doublet transmission zeros remain in their origi-
nal position after cascading the doublets. The double 
transmission zeros of the four-pole filter depend on the fact 
that the cascaded doublets, being identical, have transmis-
sion zeros located at the same frequency. 

Mixed capacitive/inductive couplings to obtain 
transmission zeros have been exploited in different tech-
nologies, such as waveguide [37] or microstrip [38]. The 
basic idea is that inductive and capacitive couplings have 
a different sign. Furthermore, one increases with frequency 
whereas the other decreases. At a certain frequency, they 
cancel each other, thus generating a transmission zero. This 
idea has been also applied to post filter, as described in 
[39], [40], where the capacitive coupling is obtained by 
using additional elements such as strips [39] or lumped 
capacitors [40] soldered between two adjacent resonators. 
However, as shown in [12], by exploiting the AM flexibil-
ity it is possible to avoid additional elements. The mixed 
capacitive/inductive coupling has been obtained by modi-
fying the geometry of the mushroom-shaped posts. As 
shown in Fig. 9a, cups of mushroom-shaped posts have 
been modified to obtain a capacitive coupling between 
adjacent resonators. The wire connecting the two adjacent 
posts is used to obtain inductive coupling [12]. The filter in 
Fig. 9a is then assembled with its cover, obtaining posts in 
an evanescent waveguide. The measured results are shown 
in Fig. 9b. 

4.3 Thin-septum Filter 

The last example of microwave filters is manufac-
tured on a very thin septum [41], [42]. Two slant posts 
acting as resonators are attached to the septum. The slant 
angle is exploited to select the desired coupling. Coupling 
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between the resonant posts are obtained thorough apertures 
in the septum (Fig. 10). Post and aperture positioning 
allows for the fine control of transmission-zero position 
[41], [42]. This solution is very useful when an additional 
filter with not very high performance is needed in an ex-
isting system. The insertion of such a small filter practi-
cally leaves the system size unchanged. Moreover, it is 
very easy to insert this filter between two waveguides 
connected by flanges. This mounting is clearly shown in 
Fig. 11, where the thin septum filter is inserted between the 
two waveguides of the network analyzer calibration kit. 
The thickness of the filter is negligible compared to the 
waveguides. 

Figure 12a shows the photo of the manufactured and 
copper-plated two-pole filter. This filter is very flexible in 
terms of positioning of the transmission zeros [41], [42]. 
The example here reported shown such a flexibility. 
Figure 12b illustrates the frequency response of a filter 
with two transmission zeros, one located above and the 
other below the filter passband, [41].  
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Fig. 9.  Four-pole mixed capacitive/inductive coupling filter. 
(a) Photograph of the filter structure without cover. 
(b) Frequency response of the filter [12].  

 
                           (a)                                                        (b) 

Fig. 10.  Thin-septum filter mounted in a rectangular wave-
guide. (a) 3D view. (b) Side view. 

Conversely, Figure 12c shows the frequency response 
of another similar filter, attained with a different arrange-
ment of the thin septum, with two transmission zeros in the 
upper stopband [42]. In both cases the comparisons be-
tween measured and simulated results are reported. 

 
Fig. 11.  Thin septum filter inserted between the waveguides of 

the network analyzer calibration kit. 
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Fig. 12. Thin septum filter. (a) Photo of the structure. (b) Simu-
lated and measured response with one transmission 
zero in the upper and one in the lower stop-band [41]. 
(c) Simulated and measured response with two trans-
mission zeros in the upper stop-band [42]. 
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