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Abstract — In this paper, a low-cost method of 3D printed all-

metal waveguide effective conductivity improvement is proposed 

and studied. The approach is a combination of internal surface 

polishing to reduce the roughness followed by coating a high-

conductivity layer through electroplating. Both methods allow to 

reduce total power losses within the waveguide which are 

impacted by the conductivity of the metal. A set of mm-wave test 

vehicles was developed in WR-28 geometry (26.5 GHz to 40 GHz) 

being a straight and twisted transmission line section along with a 

narrowband filter to experimentally validate the approach. The 

models were 3D printed using Powder Bed Fusion out of 

stainless-steel powder, dry polished using glass microbeads, and 

then coated with copper. Up to 40% power loss reduction was 

obtained with respect to raw prints proving the performance of 

the approach. 

Keywords — additive manufacturing, all-metal waveguide, 

conductivity, direct laser sintering, electroplating, filter, 

polishing, powder bed fusion, surface roughness, mm-wave. 

I. INTRODUCTION 

Additive manufacturing (AM) is a process allowing for the 
fabrication of three-dimensional objects in a layer-by-layer 
manner. Recently, AM started to be applied for the realization 
of microwave circuits reducing their cost and weight as well as 
allowing for shortening fabrication times and fabrication of 
geometries not possible with traditional machining techniques 
[1]. Among all the circuits, waveguide structures are very 
popular to be realized using AM. In literature, there are many 
examples of waveguide antennas, filters, etc., which were 
manufactured using a wide range of AM fabrication 
techniques [2]. Metallic components like waveguides can be 
realized by using stereolithography (SLA) by printing 
elements out of plastic and adding a conductive layer to their 
surface [3]-[4]. Metal-coated plastic waveguides feature many 
advantages i.e., they feature high-resolution detail, can be 
rapidly prototyped, and feature a fairly smooth surface. They 
are however fragile, and the fabrication processes are not 
commercially available [5]. On the other hand, Powder Bed 
Fusion (PBF) technologies like Selective Laser Melting 
(SLM) unlocked the possibility of fabricating all-metal air-
filled waveguiding structures with fairly high resolution and 

three-dimensional freedom [6]. Those components are well 
suited for mm-wave applications due to their relatively low 
power losses. However, the AM metal parts usually have a 
poor surface finish compared to milled and turned components 
which leads to higher conductor-related losses as compared to 
CNC-fabricated counterparts. Moreover, a variety of metallic 
powders out of which the parts are made are at best only fair 
electric conductors. 

In this paper, we propose a postprocessing scheme of SLM 
fabricated waveguide components aimed at improving their 
effective conductivity and thus reducing total power losses. 
The approach exploits the low-cost surface polishing method 
introduced in [6] adding a second step to improve the bulk 
conductivity of the surface through the electroplating process. 
An experimental study is conducted for a set of mm-wave test 
vehicles printed using SLM technology out of stainless steel. 
After dry polishing using glass microbeads in a rotary tumbler 
and plating a layer of copper, a loss reduction of up to 40% 
was achieved validating the proposed approach. 

II. EFFECTIVE CONDUCTIVITY VS. TOTAL POWER LOSS 

The conductivity of the PBF fabricated components is 
lower than the used powder`s bulk direct current (DC) 
conductivity, so effective conductivity is used to describe a 
given trace/slab properties. In general, the effective 

conductivity ����of a metal layer (assuming uniform material, 

and thickness much higher than the skin depth at the lowest 
frequency of operation) is a function of the material`s bulk 
conductivity σDC, RMS roughness of the surface Rq, and 
frequency f: 

���� =  f���	 , �� , 
�   (1) 

One of the models that captures quantitively this relation is 
the gradient model [7] where the bulk conductivity and 
standard deviation of the surface profile are utilized to 
determine the conductivity profile and then frequency 
dependency. Having the above, one can determine the surface 
resistivity RS of waveguide walls as [8]: 

�� = � ���
�����

    (2) 
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where ω is the angular frequency and μ0 is permeability in 
vacuum. On the other hand, the total power loss (TPL) of a 
two-port is calculated as: 

��� = 1 � �|�� |� ! |�  |�"  (3a) 
which for a well-matched circuit simplifies to: 

��� # 1 � $%�&'   (3b) 
where l is the physical length, γ = α + jβ is the guides` 
propagation constant while α and β are attenuation and phase 
constants, respectively. In the case of an all-metal air-filled 
waveguide, the total attenuation is due to the conductor-related 
losses, so α = αc which for a rectangular waveguide operating 
in TE10 mode equals [8]: 

() = *+
,-./�� �212� ! 345�" 67/9 (4) 

where μ is the intrinsic permeability, a and b are broad- and 
narrow-wall dimensions. 

From the above formulas, one can see that the attenuation 
constant is inversely proportional to the square of effective 
conductivity, while the total power loss is exponentially 
proportional to the attenuation constant. This means that even 
fair improvement of effective conductivity leads to reduction 
of power losses. Therefore, to minimize TPL of an AM 
fabricated component, bulk conductivity should be maximized 
while surface roughness minimized. 

III. EFFECTIVE CONDUCTIVITY VS. TOTAL POWER LOSS 

The proposed effective conductivity improvement method 
was experimentally validated by the fabrication and 
processing of a set of test vehicles operating within the mm-
wave frequency range. The WR-28 geometry (cross-section of 
7.11 mm by 3.56 mm, recommended band between 26.5 GHz 
and 40 GHz) was selected as it is relatively small so the 
fabrication and postprocessing can be pushed close to their 
potential limits while it can still be easily measured. 
Depending on the component type, the impact is seen as either 
a reduced attenuation constant in broadband transmission line 
components or as an increased unloaded quality factor, hence 
reduced in-band losses in narrowband-like filters. Therefore, 
to include both types, the following components were 
developed: 

• a straight waveguide section having a total length of 
100 mm, 

• a five wavelength-long 90° twisted waveguide section 
having a total length of 65 mm, 

• a 3D printing optimized 6th order bandpass filter (BPF) 
[9] operating at the center frequency of 38 GHz with 4% 
bandwidth having a total length of 65 mm. The minimal 
dimension of the resonator cavity is ~5.6 mm, while the 
minimal iris opening is ~3 mm. 

The final layouts of the above are shown in Fig. 1. 
Fabrication and polishing were done the very same way as 
described in detail in [6]. The test vehicles were fabricated 
with the Powder Bed Fusion technology using the Renishaw 
AM 400 Selective Laser Melting type system out of Stainless 
Steel 316L. For the raw prints, the measured average RMS 

surface roughness Rq was roughly 7.9 µm in the direction 

perpendicular to layer arrangement and 6.1 µm parallel to 

layer arrangement. The measured DC conductivity σDC on the 
other hand was roughly 1 MS/m. 

 
(a) 

 
(b) 

Fig. 1.  Isometric view of the final layout of the waveguide twist (a) and 
narrowband bandpass filter (b). 

 
(a) 

   
(b) 

Fig. 2.  Photographs of the fabricated test vehicles. Raw stainless-steel SLM-
fabricated test vehicles (a). Components after dry tumbling and copper coating 
(b). 

Following, the components were dry tumbled using the 
Vevor KD-2000, a low-cost jewelry-grade mini rotary tumbler 
at 50 RPM filled with 300-400 µm large glass microbeads. 
After the treatment, the measured average RMS surface 
roughness Rq was reduced roughly by 18% (6.5 μm) in the 
direction perpendicular to the layer arrangement and by 37% 
(3.9 μm) parallel to the layer arrangement. 

Finally, a copper layer was electroplated on the 
component's surface. Interestingly, by lowering the resistivity 
through tumbling, the process of electroplating is improved as 
it leads to a more even coating along the sides of the 
component. A generic low-cost setup was used with a 
cylindrical container filled with electrolyte and copper 
electrodes inserted accompanied by a magnetic stirrer for 
better coating, especially inside cavities and channels. The 
layer was assessed to be roughly 20 μm thick.  
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(a)       (b) 

   
(c)       (d) 

   
(e)       (f) 

Fig. 3.  Measured S-parameters of the SLM-fabricated test vehicles along with the impact of polishing and electroplating on Total Power Loss for straight (a-b), 
twisted (c-d), and BPF (e-f) WR-28 sized waveguide sections. Delta TPL referenced to raw part TPL. 

Scattering parameters of each component were measured 
at raw printed state, after one 48h polishing cycle and after 
electroplating to establish the TPL metrics and assess its 
potential reduction. The Agilent PNA N5224A Vector 
Network Analyzer was used set at 10 MHz step and 1 kHz of 
IF bandwidth having the reference plane set at the waveguide 
flange by calibrating with WR-28 Thru-Reflect-Line cal-kit. 
Since a relatively small variation in Transmission between 
processing stages was expected, special care was taken to 
ensure high repeatability of measurement conditions. The 
measured frequency response along with calculated TPL and 
percentage improvement as compared to the raw print is 
provided in Fig. 3.  

Analysis of the above figures allows us to draw the 
following conclusions. The calculated TPL (delta TPL) data is 
loaded with high uncertainty as the S-parameter differs by 
fractions of dB. The BPF case illustrates a cumulative issue of 
part processing, measurement repeatability, and data 
uncertainty. The polishing process has a major impact on the 
effective conductivity of the printed metal providing roughly 
10 % to 40% TPL reduction. The electroplating process can 
further improve conductivity leading to another roughly 5% to 
15% TPL reduction. Interestingly, even though the DC 
conductivity of bulk copper is roughly 60 times higher than 
bulk stainless steel, the improvement after coating is not that 
significant. This could be explained by the fact that when 
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polished, the roughness reduction is more significant 
concerning current skin depth in stainless steel than in copper 
for which the skin depth is roughly 7.8 times shallower. Thus, 
even though the surface is smoother after polishing, the 
roughness effect is more pronounced after electroplating. 

The above observations enable us to formulate further 
potential ways leading to the improvement of PBF printed 
metal`s effective conductivity. Those are on top of printing out 
of high-conductivity material. Since metal powder particle size 
has a direct impact on the roughness, finer powders could be 
tested. Moreover, since the surface roughness is higher in the 
direction of propagation due to perpendicular printed layer 
arrangement, a smaller layer height could be tested so that 
after laser melting the consecutive lines are ideally 
unresolvable. Finally, the power, speed, and focus settings of 
the laser could be fine-tuned for a sharper melting zone. As a 
result, a smoother surface finish could be obtained right after 
printing. Later, the above proposed low-cost post-processing 
schemes could be re-tested to see if the TPL performance can 
be improved even more. 

IV. CONCLUSION 

The SLM 3D printing technology is very promising for 
implementing mm-wave components fabrication as it provides 
sufficient geometry resolution, nevertheless, the inherent 
rough surface finish possesses a noticeable issue. The above 
combined with the use of relatively low conductivity powder 
(e.g. stainless steel) leads to increased surface resistivity of 
internal walls. As a result, the total power loss within the 
circuit has increased since for air-filled all-metal waveguides, 
the conductor loss is its only contributor. Therefore, a 
combination of a recently developed low-cost internal surface 
polishing method and the high-conductivity metal coating was 
proposed as a post-processing scheme and its impact was 
studied. It was experimentally shown that up to 40% power 
loss reduction can be obtained proving the usefulness of the 
approach. 
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