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ABSTRACT

Poor surface quality is a well-known challenge in additively manufactured monolithic waveguide components,
particularly as the frequency extends into the mm-wave spectrum. To address this issue, a polishing method based
on abrasive flow machining (AFM) is investigated. It applies abrasive media to polish difficult-to-access internal
surfaces and effectively reduces the surface roughness. This work demonstrates the application of AFM technique
to two sets of mm-wave waveguide twists for WR-15 (50-75 GHz) and WR-5 (140-220 GHz) bands in an end-to-
end process — printing, polishing and plating. The twist waveguides were fabricated using high-precision micro
laser sintering (MLS) technology. Measurements were performed before and after the AFM polishing. The impact
of polishing on both mechanical (dimensional accuracy and surface characterization) and electrical (attenuation
and return loss) properties was evaluated. Polishing resulted in 70% reduction in surface roughness for all
waveguide twists, achieving submicron roughness levels (<1 pm). The material removal rate was averaged 200 pm.
For the WR-15 twist, the dissipative attenuation factor was reduced from 5.4 to 3 dB/m, with a worst-case return
loss of 30 dB. Similarly, for the WR-05 twist, the attenuation factor decreased from 16 to 10 dB/m, with a worst-
case return loss of 14 dB. This study establishes the feasibility of using AFM for polishing the internal surfaces of
3D-printed mm-wave waveguides.

INTRODUCTION

The low loss characteristics of air-filled metallic waveguide (WG) make this technology a preferred solution for many
passive devices in space applications over the millimeter-wave (mm-wave) bands, where dissipative attenuation of the
signal is a critical detrimental factor. However, the manufacturing complexity and cost present significant challenges to
the widespread usage of WGs in these spectra. Compared to waveguide operating in the microwave spectrum, mm-wave
WG components have much smaller feature sizes and require higher surface finishing quality.

Traditionally, these WG structures are manufactured through machining such as computerized numerical control (CNC)
milling or electrical discharge machining (EDM), or by reshaping metal pipes through rectangular dies [1], [2]. As
frequency increases into the mm-wave band, the manufacturing cost rises due to the need for greater precision for smaller
feature sizes. More recently, metal additive manufacturing (AM, also known as 3D printing,), particularly Laser Powder
Bed Fusion (L-PBF), has emerged as a new fabrication method for WG components, due to its unparalleled capability for
rapid prototyping and its flexibility in creating monolithic structures with complex geometries. It is important to note that
3D-printed metal components exhibit superior mechanical and thermal properties to their polymer counterparts. Many
microwave components have been reported [3], [4], [5], [6], using 3D printers with manufacturing tolerances on the order
of 100-150 um. With the increased availability of higher-precision 3D printers (offering tolerance down to 5-10 um), a
number of mm-wave WG devices have also been developed [7], [8], [9], [10], [11], [12], [13]. However, one of the major
challenges with 3D-printed metallic WG components is their inferior surface quality compared to conventional subtractive
manufacturing. High surface roughness not only increases conductor losses but also degrades electro-thermal performance
[14]. To improve surface quality, ceramic particles were used in a vibratory grinding machine to improve the surface
quality of a 3D-printed Invar filter [6]. More recently, a low-cost, barrel-based surface polishing method was reported
[15], where a rotary tumbler was used with 300—400 um microbeads, resulting in an 18% reduction in surface roughness.
However, these conventional mechanical treatments are limited by the size of the polishing media. At mm-wave and sub-
THz frequencies, the reduced cross-sectional dimensions of long channels or cavities make it increasingly difficult, if
possible at all, to reach internal areas for polishing.



In this work, we investigated the use of Abrasive Flow Machining (AFM) for the internal surface treatment of
monolithically 3D-printed, irregular shaped, mm-wave waveguides in the form a twist, aiming to reduce the internal
surface roughness. AFM has been used to post process complex metal passages for gas flow, fuel injection systems, rocket
propulsion pumps and rotating parts in jet engines. It is also used to process 3D printed hydraulic manifolds to ensure any
partially sintered particles are removed to eliminate the risk of catastrophic failure. To the best of the authors’ knowledge,
this work is the first demonstration of AFM in mm-wave waveguide devices in the open literature.
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Fig. 1. Photographs of the mm-wave twist waveguides: (a) As-printed waveguide twist sections; (b) Assembled with the
flanges and after AFM polishing and after gold plating.

3-D PRINTED MONOLITHIC WAVEGUIDE TWISTS

The experimental study was conducted on WR-15 (50-75 GHz) and WR-5 (140-220 GHz) waveguide twists. Twists at
these bands are non-trivial waveguide structures typically used for interconnections. Shown in Fig. 1 are the devices under
test formed of a twist and a bent structure and two standard UG-387 flanges. The flanges are machined separately and
brazed onto the 3D printed waveguide sections in this case. The cross-section of the twists is the standard WR-15 and
WR-05 waveguides, while the length is 35 mm. The bent-twist structure was chosen to verify the net-shaping capability
of the 3D printing and the AFM surface treatment technique.

A DMP60 series printer from 3D MicroPrint, utilizing high-precision micro laser sintering (MLS) technology, was
employed. The samples were printed in one batch, with three for each type to verify reproducibility. To ensure monolithic
printing without overhang structures, the waveguide sections were tilted at 45° during printing. External support structures
were used. The wall thickness for all samples was 0.5 mm. The printing material was stainless steel 1.4542 (17-4PH).
The nominal manufacturing tolerance and surface roughness is 5-10 pm and 3-5 pm, respectively. Fig. 1(a) shows the as-
printed waveguide samples.
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Fig. 2. Schematic illustration of (a) the Extrude Hone machine and (b) the two-way AFM process.

ABRASIVE FLOW MACHINING (AFM)

Polishing the internal surfaces of these long, narrow waveguide channels in these twists is the most challenging aspect of
the end-to-end process. The use of Extrude Hone AFM was experimented. The AFM is a finishing process developed to
machine difficult-to-reach internal surfaces. Abrasive media are extruded under pressure through or across the target
surface to achieve the desired finish. Fig. 2 provides a schematic illustration of the machine and the process. Common



AFM methods are classified into four types [16]: (1) One-way AFM, (2) Two-way AFM, (3) Multi-way AFM, and (4)
Orbital AFM. A preliminary trial of a one-way AFM process on the internal surface of a waveguide was reported in [17].
In our work, a two-way process is used. Compared to the one-way process, it provides more uniform finishing and
achieves tighter tolerances. A chemically inactive and non-corrosive medium (polyborosiloxanes) is utilized.
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Fig. 3. Extrude Hone AFM setup for the waveguide device when the process is done outside the machine with hoses.

The AFM setup is shown in Fig. 3. The abrasive media is pumped from the extrude hone machine through a hydraulic
hose to the fixture clamping the waveguide device. Another hose takes the media back to the machine and then the flow
reverses. Two soft adapter plugs (yellow) are used to feed the abrasive media into the waveguide. To fully protect the
ends of the waveguide from erosion at the entrance and exit, the plugs could be replaced with metal end plates. The
process is fully automatic. The flow of the abrasive media is controlled with precise hydraulic servo valves in closed loop
feedback. The advanced controls allow to control volumetric flow rate, total volume, pressure, and temperature in various
modes and combinations. All metal material can be processed by selecting abrasive of the appropriate hardness. The
smallest processable holes can be down to 50 um if the length-diameter ratio is less than 10:1.

GOLD PLATING

After polishing, both waveguide twists were gold-plated using an electroless process[13]. It comprises the following steps:
rinse, degreasing soak, rinse, acid dip, rinse, Wood’s nickel strike, electroless nickel plating, and immersion/autocatalytic
gold plating. A peristaltic pump was used to move the plating solutions along the internal channel of the twists. Fig. 1(c)
shows the gold-plated waveguide twists.

EXPERIMENTAL RESULTS

First, the mechanical properties (including dimensions and surface roughness) of the waveguide twists were assessed
using an Alicona G4 InfiniteFocus Optical system. Table 1 summarizes the measured dimensions and surface roughness
before and after AFM process. The surface roughness of the as-printed samples is around 2.5 pm. After AFM, a nearly
70% reduction was achieved, reducing the surface roughness to below 1 um. This is a significant reduction.

Table 1 Mechanical Properties of Fabricated Prototypes

Waveguide Design As-Printed AFM
Port Dimension WRI15 3.76x1.88 3.72x1.87 3.92x2.15
@xb (mm) WRO05 1.30%0.65 1.27%0.65 1.43x0.85
Surface Roughness (um) WRIS . 2:56 0.82
WRO05 - 2.48 0.73
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Fig. 4. Waveguide cross sections, as printed and after AFM polishing processes: (a) WR-15 twists. (b) WR-05 twists.

An observation from Fig. 4 is the impact of the AFM treatments on the cross-sectional shape of the waveguide. The
rounding effect is clear. This is expected from the medium-based AFM process. As shown in Table 1, the dimensional
deviation introduced by the AFM is approximately 210 pm. These are first-shot results without any pre-compensation. In
practical production, these deviations in the geometry and dimensions can be mitigated through pre-design adjustments.

RF measurements were performed using a Keysight N53478B PNA-X network analyser. Fig. 5 shows the simulated and
measured frequency responses. In the simulations, the conductivity was set to represent ideal smooth stainless steel and
gold. It is clear that a significant reduction in insertion loss (IL) was achieved after AFM, although some degradation in
the in-band matching was observed.
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Fig. 5. Measurement results in comparison with simulations before and after AFM as well as after gold plating: (a)

WRI15; (b) WR05

For the WR-15 twist, the measured return losses in Fig. 5(a) are over 30 dB across the band. As expected, the stainless-
steel twist after AFM polishing has higher reflection due to the change of waveguide cross-section. As mentioned earlier,
pre-compensation should improve this. The IL was reduced from 0.65 dB to 0.45 dB, which is very close to the simulated
0.40 dB for ideal stainless steel. After gold plating, the measured IL was further reduced to 0.12 dB (AFM). This is very
close to the ideal 0.07 dB insertion loss for gold. The significant reduction in insertion losses demonstrates the
effectiveness of the AFM process.

For the WR-05 twist, a 20-dB difference between the simulated and measured |S11| was observed after the AFM treatment
as shown in Fig. 5(b). This large return loss degradation is again due to the dimensional changes. The |S|;| remains below



-10 dB across the band. A more impressive improvement was observed in the |S»1|. The achieved insertion loss after gold
plating was 0.44 dB after AFM, close to the predicted 0.43 dB for gold. These improvements again show the effectiveness
of the polishing method.

CONCLUSION

This paper demonstrates an end-to-end AM-based fabrication solution for millimeter-wave waveguide devices. This
includes a high-precision MLS printing technology, an AFM based surface polishing method, and an electroless gold
plating technique. Dimension metrology shows good printing quality and repeatability. Experimental results confirm that
the AFM process effectively reduce the surface roughness from 2.5 pm to below 1 pm. This correlates well with the
improvement seen in the measured IL after polishing. Some degradation in return loss was introduced by polishing due
to the removal of materials, which was not pre-compensated in the design, and therefore change of the cross-sectional
geometry. This study demonstrates the effectiveness of the proposed end-to-end fabrication solution in manufacturing
small, enclosed monolithic waveguide structures, with performance potentially comparable to traditional
(micro)machining methods. The AFM process is expected to be applicable to most uniform waveguide structures. Its
impact on geometry, due to material removal, however, should be carefully considered and pre-compensated in the design.
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